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ABSTRACT 
This thesis discusses characterization of volatile oil reservoirs using well test analysis. 
For this purpose, typical well test behaviours were simulated with a one-dimensional 
single well compositional reservoir model, for different production rates; fluid 
composition and relative permeability curves, with bottomhole pressures above and 
below the bubble point pressure. 
It was found that, when the bottomhole pressure falls below the bubble point pressure 
during a drawdown, a high gas saturation zone is created around the wellbore with 
two-phase (oil and gas) flow, whereas single phase (oil) with the initial gas saturation 
remains away from the wellbore. During the subsequent build-up, the gas created 
around the wellbore during the preceding drawdown condenses into the oil and the 
saturation in the near-wellbore region returns to the initial gas saturation. The log-log 
pressure-derivative behaviours; below the bubble point correspond to a two-zone radial 
composite model, with decreasing mobility during drawdowns and increasing 
mobilities during build-ups. The log-log pressure derivative plot of the build-up 
reflects oil mobility distribution of the reservoir at the end of the preceding drawdown. 
Knowledge obtained from the study was applied to the analysis of a well test in an 
actual volatile oil reservoir. Analysis results were validated with compositional 
reservoir simulation that included the effect of capillary number and non-Darcy flow. 
Finally, factors affecting well deliverability in volatile oil reservoirs producing at 
flowing bottomhole pressure below bubble point pressure were studied. The result 
shows that end point relative permeability of oil phase and oil fluid composition are 
the most important factors affecting productivity of volatile oil reservoirs producing 
below bubble point pressure. This study suggests in volatile oil reservoirs, both vertical 
hydraulic fractures and horizontal wells are best implemented early in the wells life to 
delay the time when the flowing bottomhole pressure drops below the bubble point 
pressure, hence improving ultimate recovery. 
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NOMENCLATURE AND ABBREVIATIONS 
A cross sectional area 
a empirical constant in 
k,,, 
- ap relationship 
, a,, 
B,, 
BHP bottomhole pressure 
B,, formation volume 
factor for phase a 
BU build-up. This flow 
period corresponds to zero production 
rate. The preceding number is the flow 
period during well test 
C compressibility 
CA shape factor 
DD drawdown. This flow 
period correspond to production period. 
The preceding number represent the 
flow period during well test. 
EOF engineering oil field 
EOS equation of state. This 
shows relationship of state properties 
(pressure, volume and temperature) of 
the reservoir fluid 
FBHP flowing bottomhole 
of phase a 
K,.,, 
of phase a 
permeabili 
K,. * 
cffectivc permeability 
relative permeability 
maximum relativc 
ty of phase a 
end point rclativc 
pressure 
GOR gas to oil ratio 
h formation thickness 
IPR inflow performance 
relationship 
K absolute permeability 
K, ff effective reservoir 
pressure 
K, relative permeability 
penneability 
I length 
L well length 
M slope of the infinite 
acting semilog straight line 
MCN multiple carbon 
number 
Alf W molecular weight 
N, capillary number. This 
is as defined as 
klIV Oil 
for this project. OU 
Ng number of pseudo 
components 
N last carbon group 
number 
Qi production rate for 
flow period i 
P pressure 
P. 11 average reservoir 
pressure 
P, initial reservoir 
pressure 
PI productivity index 
Pbub bubble point pressure 
PC critical pressure 
13 
PD dimensionless pressure 
change 
P-T pressure temperature 
PVT pressure volume 
temperature 
R, solution gas /oil ratio 
ri radius of Investigation 
rl radius of composite 
discontinuity 
R, dissolved oil/gas ratio 
S skin 
S. saturation of a phase 
S9C critical gas saturation 
S, residual saturation 
S, total skin 
S", residual saturation of a 
phase 
tD dimensionless elapsed 
time 
T, reservoir temperature 
W total volume of 
injected fluid/water 
Greek 
P viscosity 
V velocity 
0 porosity 
P density 
fl factor representing the 
inertia/turbulence or non-Darcy flow 
effect. 
C Corey exponent 
that fixes the curvature of the relative 
permeability function 
A. mobility ratio of ct 
phase defined as 
( k,.,, 
Pa 
a interfacial tension 
Subscripts 
a phase 
9 gas 
I immiscible 
M miscible 
0 oil 
t total 
eff effective 
Const-cumm constant cumulative 
production 
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Well Test Analysis in Volatile Oil Reservoirs 
CHAPTER1 
INTRODUCTION 
Well tests have been used for many years to assess well condition and obtain reservoir 
parameters. They remain a very important component of the reservoir management 
process for reservoir characterization and evaluation of well performance. 
As hydrocarbon exploration moves to deeper geological forinations, volatile oil and 
gas condensate reservoirs have become increasingly more common. Well tests in 
volatile oil reservoirs below the bubble point pressure, and in gas condensate reservoirs 
below the dew point pressure, however, are usually difficult to interpret, because they 
add the complexity of the fluid behaviour to the complexities of the geology and of the 
well (Gringarten et al., 2006). Two important characteristics of fluid behaviour are 
multiphase flow and capillary number effects. 
A better understanding of well test behaviours in volatile oil reservoirs is therefore 
required to better manage production in such reservoirs. This research work uses 
numerical compositional simulations to identify typical well test behaviours in volatile 
oil reservoirs below the bubble point pressure. Results are then applied to actual well 
test data. 
Multiphase Well Test Analysis 
Definitions of volatile oil from different authors are summarized in Table 1-1. Volatile 
crude oils contain relatively few heavy hydrocarbon molecules and more intermediate 
ones compared to black oil. Quality lines in volatile crude oils are closer to one another 
near the bubble point and more widely spaced at lower pressures than in black oils, 
hence, volatile oils produce more gas than black oil for the same pressure drop below 
the bubble point (Figure 1-1). They are also characterized by high liquid shrinkage 
immediately below the bubble point (Figure 1-2). In a constant temperature depletion 
experiment, oil viscosity decreases with decreasing pressure due to the volumetric 
expansion of oil, until it reaches a minimum value at the bubble point pressure. 
Moshood Sanni PhD 2008 
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Reducing the pressure below the bubble point leads to a net increase in oil viscosity 
due to liberation of the solution gas until dead oil viscosity is reached at atmospheric 
pressure (Khan, 1987). 
Table 1-1 Literature definitions of volatile oil 
Author Definition API GOR Bo 
(scVstbj_ 
_(rb/stb Whitson and High GOR, High Greater Between Greater 
BruI6 (2000) shrinkage to 50% than 35' 1,000 and than 1.5 
---3,000 Moses (1986) High shrinkage Usually Between 
immediately 40' or 2,000 and 
below the bubble higher 3,500 
point pressure. 
Shrinkage can go 
h igh A45/06_ as a 
Ahmed (1989) Produce more gas Between Between 
than black oil for 450 to 550 2,000 and 
same pressure 3,500 
McCain (1990) Relatively fewer Greater Between 
heavy molecules than or 2,000 and 
and more equa1400 3,300 
intermediates 
Reservoir depletion path 
(far from critical point) 
F- 
CL 
0 
V%e 
3tion lines wide 
near bubble point 
Critical 
2.0 or 
Higher 
Approxi 
mately 
2.0 
Colour 
Greenish 
to orange 
colour 
Greater Brown, 
than or Orange 
equal to or green 
2.0 
Reservoir depletion path Saturation lines close 
(close from critical point) together near bubble point 
CL 
-5 o U) 50 U) 20' 10% (D 
IL 
Temperature (OF) i emperature ý-t-) 
Black Oil Volatile Oil 
Figure 1-1 Press u re-tem peratu re phase envelope for black oil and volatile oil 
(Ahmed, 1989) 
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1 
a) 
Bubble 
point 
High shrinkage below 
bubble point leading to 
significant decrease 
(about 50%) immediately 
below bubble point 
Figure 1-2 Shrinkage curve for crude oil system (Ahmed, 1989) 
Below the bubble point pressure, multiphase flow dominates, and fluid relative 
mobility and reservoir heterogeneities control the performance (Archer and Wall, 
1999). Relative mobility depends on the relative pen-neability curve, phase viscosity 
and average saturation (Cobenas and Crotti, 1999). Muskat and Meres (1963) 
discussed the equations governing multiphase flow of fluids through porous media and 
formulated a basic differential equation for the motion of a heterogeneous fluid though 
porous media under steady state and transient conditions. Kniazeff el al. (1965) treated 
two-phase flow in a volatile oil reservoir as a binary mixture flow. Two equations of 
mass continuity based on laws governing composition and motion were set up and 
solved numerically. 
Published well test analysis methods under multiphase oil-gas conditions use either the 
Perrine-Martin assumption, or pseudo-pressure transformations. Perrine (1956) 
suggested multiphase flow analysis could be done by replacing the single-phase 
compressibility and mobility with the sum of compressibilities and mobilities for each 
phase, respectively. Perrine's method, based on empirical observations, assumes that 
the different phases are uniformly distributed, with uniform saturations and 
permeabilities for each phase. Martin (1959) verified Perrine's hypothesis in the case 
of small saturation gradients. 
Moshood Sanni Phi) 2008 
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In the case of a volatile oil below the bubble point pressure, however, there is a high 
saturation gradient towards the wellbore and the Perrine-Martin conditions are not met 
(Ayan et aL, 1986, reported that Perrine's approach tends to over-estimates the skin 
due to gas blockage around the well). Raghavan (1976) proposed a pseudo-pressure 
approach for wells producing by solution gas drive, similar to that introduced by Al- 
Hussainy et aL (1966) for real gas flow: 
"k 
m(p) f -:: ýdp 
Pýf p,, 
B,, (1-1) 
The pressure data transformed according to (1-1) are then analyzed to obtain the 
absolute formation permeability. The correct definition of the pseudo-pressure integral 
should actually be: 
P' 
kp 
M(P) f 
P,,,, P. 
to obtain a valid Darcy continuity equation: 
Ia (k,, pý 
rLp =0 CIP. 
ap 
r ar pý ar at 
where Darcy flow velocity is defined as: 
k,, 0 p (1-4) 
Raghavan's pseudo-pressure transformation was based on Evinger and Muskat's 
multiphase flow equation for calculating a theoretical productivity factor. Evinger et 
aL's solution (1942) assumed steady state flow conditions for heterogeneous fluid flow 
in order to simplify their formulation (although the authors acknowledged that such 
conditions did not exist in practice). It also used a single permeability-saturation 
relationship, because of the unavailability of other data at the time of the research. The 
authors warned that these simplifications might affect the generalization of their 
formulation. Al-Khalifah et aL (1987) developed a diffusivity equation for multiphase 
well testing in terms of pressures squared: 
a2 21a2 0ý1 a2 p+p=p 
-r -ar A, at (1-5) 
Moshood Sanni PhD 2008 
18 
Well Test Analysis in Volatile Oil Reservoirs 
which was then linearised using Raghavan's pseudo-pressure by assuming a linear 
relationship between pressure (p) and (k,,, IljB, ), which is only approximately true 
(Fetkovich, 1973). Serra et aL (1990a, 1990b) also used flowing wellbore pressure 
squared and semilog analysis for estimating effective phase permeabilities and skin 
effects. This approach is limited to low producing time and invalid for volatile oil 
reservoir below the bubble point, due to the continuous increase in gas saturation 
around the wellbore. 
1.2 Capillary Number 
Multiphase flow in porous media commonly uses the concept of relative permeability 
functions. When fluid is near-critical, the multiphase flow relative permeabilities 
depend on interfacial tension and superficial velocity (Blom et aL, 2000). Bardon et aL 
(1980) considered the impact of very low interfacial tension on relative permeability. 
They found that during displacement of gas in an oil-bearing formation, multiple 
transfers occur between the liquid and vapour phases so that complete miscibility may 
be achieved. As this occurs, the interfacial tension between the two phases reduces 
progressively to zero. 
Fulcher et aL (1985) studied the effect of the capillary number, a dimensionless group 
representing the ratio of viscous to capillary forces, on two-phase relative permeability 
curves. They also verified the shift of the relative permeability from immiscibility 
towards miscibility as interfacial tension reduces to zero. Blom et d (2000) re-defined 
the capillary number (N, ) as: 
N, 
kjjV(ýj 
00- (1-6) 
Their experiments, using methanol/n-hexane to represent a near-critical gas/condensate 
or gas/volatile oil system, showed that the near-critical relative permeability depends 
on the capillary number at the pore scale (Blom et aL 2000). As initial reservoir 
conditions in gas condensate and volatile oil reservoirs are often near critical, the 
physical properties of the oil and gas phases are very similar and the interfacial tension 
between the phases is very low. 
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Blom et aL (1998) suggested that this may have an important bearing on the multi- 
phase flow characteristics in the reservoir during production. 
In gas condensate reservoirs with bottomhole pressure below the dew point pressure, 
high capillary numbers, obtained for high flow rate or low interfacial tension, have 
been shown to compensate for the productivity losses due to the creation of a 
condensate bank around the wellbore (Gondouin et aL 1967). 
There has been no study, however, on the effect of the capillary number in volatile oil 
reservoirs. A number of published papers show that capillary number effects may exist 
with two-phase hydrocarbons other than gas condensate and volatile oil reservoirs. 
Talabi et aL (2003) examined the effect of depletion rate and oil viscosity on gas 
mobility during solution-gas drive in three viscous oils. They showed that relative 
permeability to gas was a function of both gas saturation and oil viscosity; and that gas 
mobility was low and decreased as oil viscosity or depletion rate (combined in a 
depletion index) increased. They did not consider the interaction between rate and 
viscosity. 
Ostos et aL (2004) conducted an experiment to investigate the capillary number effect 
in heavy oil solution gas drive and its relationship to gas-oil relative permeability. 
They showed that the oil produced was a unique function of the capillary number and 
observed no additional improvement beyond a critical value. They also found that the 
oil relative permeability increases and gas relative permeability decreases with 
increasing capillary number. Their research suggested that gas-oil relative permeability 
correlations should incorporate the effect of capillary number in order to predict 
production in heavy oil solution gas drive. 
Bardon et aL (1980) found that a reduction in interfacial tension increases the oil 
relative permeability at constant gas saturation in an oil-gas drainage cycle of the 
Fontainebleau formation (Figure 1-3) 
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Rowlison et aL (1982) described similarities in thermodynamics of near-critical fluids, 
hence creating a strong basis to investigate effect of capillary number in volatile oil 
reservoirs. Definitions of capillary number from different authors are summarized 
Table 1-2 
Table 1-2 Literature definition of the capillary number (N, ) ((Blom et A 2000) 
rk -jjVpjj 
Leverett (193 9) N -- - V 0 PC 
Brownell and Katz (1947) N, = 
kjjVp + pgjj 
aCOSO 
Ehrlich et al. (1974) N, = 
kjjVpjj 
Oa 
Larson et al. (198 1) N, = 
111-YPI1 
a 
Moore and Slobod (1956) N, = 
p1lull 
Cr Cos 0 
Saffman and Taylor (195 8) N,, = 
Ellull Foster (1973) N,, = 00- 
This research investigates the existence of effect of capillary number and non-Darcy 
flow in volatile oil reservoirs below the bubble point pressure. 
To study the saturation and mobility distributions around the well when the bottomhole 
pressure falls below the bubble point pressure, well test behaviours, were simulated 
with a one-dimensional single well compositional reservoir model, for different 
production rates; fluid composition and relative permeability curves, with bottomhole 
pressures above and below the bubble point pressure 
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Figure 1-3 Effect of interfacial tension on oil relative permeability in an oil-gas drainage 
cycle (Bardon et at. 1980). 
Knowledge obtained from the study was applied to the analysis of a well test and well 
deliverability forecast in an actual volatile oil reservoir. 
This research work is expected to develop a better understanding, of near-wellbore 
effects in volatile oil reservoirs from well testing, hence leading to better reservoir 
management practice in volatile oil reservoirs. 
The list of publications as a result of this thesis is as follows: 
Moshood Sanni and Alain C. Gringarten: "Well-Test Analysis in Volatile Oil 
Reservoirs" SPE 116239, paper submitted for presentation at the SPF Annual 
Technical Conference and Exhibition held in Denver, Colorado, USA, 21 - 24 
Sep 2008. 
Moshood Sanni and Alain C. Gringarten: "Application of Well Testing for 
Well Deliverability Forecasting in Volatile Oil Reservoirs", SPE H 8377, paper 
submitted for presentation at the Abu Dhabi International Petroleum Exhibition 
& Conference to be held in Abu Dhabi, UAE, 3-6 Nov 2008. 
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1.3 Report Outline 
This thesis consists of the following chapters: 
Chapter I outlines motivation for the project; problem definition and objectives. 
Chapter 2 and 3 presents prediction of phase and pressure transient behaviours; of 
volatile oil reservoirs using single well compositional reservoir simulation. The effects 
of varying production rates; relative permeability curves and fluid composition on the 
near-wellbore, dynamics of volatile oil reservoirs was described. 
Chapter 4 presents application of well test analysis for characterization of actual 
volatile oil wells: DST-Well 15 from a field in Pur-Taz region of Western Siberia. 
Chapter 5 presents application of well test analysis for well perfonnance prediction in 
volatile oil reservoirs. 
Chapter 6 presents conclusions and recommendations on "Well Test Analysis of 
Volatile Oil Reservoirs" and "Well Deliverability Forecasting in Volatile Oil 
Reservoirs". 
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CHAPTER2 
COMPOSITIONAL RESERVOIR SIMULATION 
Reservoir simulations were performed to generate well test data in a volatile oil 
reservoir with the bottornhole pressure above and below the bubble point pressure. 
Two fluids, A and B, with different properties and compositions were used in the 
simulations (Table 2-1). Data for the simulation model are summarized in Table 2-2. 
Appendix A describes details of the fluid properties. 
Table 2-1 Summary of fluid properties 
Fluid Samples 
A B 
Fluid Type Very Volatile Oil Moderately Volatile Oil 
Pbub ( PSia) 4,475 at 176'F 4,076 at 189T 
Rs (scflbbl 3,377 at 176'F 1,786 at 189'F 
B,, ( bbl/stb) at Pbub 2.92 2.02 
Source Coats and Smart 1982 Western Siberia 
Table 2-2 Reservoir model characteristics 
Sample 
---- - Parameter A F B 
Porosity 0, % 15 15 
Absolute permeability k, mD 10 10 
Net to-Gross ratio N/G I I 
Wellbore radius r, ft 0.2 0.2 
Top depth, ft 10,000 10,000 
Reservoir thickness, ft 100 100 
Reservoir temperature, 'F 176 189 
Initial reservoir pressure Pi 5260 4861 
Pi - Pbubg psia 785 785 
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2.1 Grid Description 
A one-layer radial simulation model was built with 40 cells (Figure 2-1). The cell 
widths increase logarithmically in the radial direction, with finer grid cells around the 
wellbore and larger grids further away, in order to capture pressure and fluid 
behaviours around the wellbore. The large outer radius of 12000ft ensures that outer 
boundary effects are not felt during the simulated well tests. 
Sensitivity analysis was carried out using different grid sizes to ensure that the grid 
size used has no effect on the results from the reservoir simulation (Appendix A-15) 
intrad=0.2 ft 
0=15% 
1100ft 
Reservoir 
120GOft 
Figure 2-1 Radial simulation grid model (40 xIx 1) 
2.2 Fluid Characterisation and Modelling 
The Modified Peng-Robinson equation of state (EOS) with 3 parameters was used for 
modelling PVT properties of the reservoir fluids'. Regression was performed on 
molecular weight (Mffý of heavy components; critical pressure (P, ) and critical 
temperature (T, ) of the pseudo-components; and binary interaction coefficients 
between light and heavy components. Appendix A shows comparison between 
observed and simulated fluid experiments. 
The Lorentz-Bray-C lark viscosity correlation gives the best match for fluid sample A, 
while the Pedersen viscosIty correlation gives the best match for fluid sample B. The 
match error is less than 10% in each case. 
I "PVTi Pi-fprpnrp Mnniml vpminn ')()I)] A" ')Or 
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2.3 Relative Permeability Modelling 
A Corey type relative permeability model (Blom et al. 2000): 
k,,, (S,, N, k 
S,, - S,,, (N,. 
I-S, (N,. ) 
was used to generate three different relative permeability curves (Figure 2-2). The first 
relative pen-neability curve (KI) has a critical gas saturation (Sg, ) of 0.0, an end point 
(maximum) gas relative permeability (Krg,,,, ) of 0.7, an end point (maximum) oil 
relative permeability (K ...... ) of 0.95, a connate water saturation (S,,, ) of 0.15 and a 
Corey's function exponent (E) of 2.5. 
The second relative permeability curve (Ký, ) was created by reducing the Corey's 
function exponent from c=2.5 to c=2.0. This makes the relative permeability curve 
less steep than the first, hence increasing the relative permeabilities of both oil and gas 
phases at a given value of saturation. Krg.,,, and Kr ....... were kept at 0.7 and 0.95 
respectively. 
The third relative permeability (K3) was modeled by reducing the end point 
(maximum) relative permeability of the oil phase (K,,,,, ) from 0.95 to 0.6 and keeping 
K, g and -- at 
0.7. and 2.5, respectively. 
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Figure 2-2 Corey's model relative permeability 
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CHAPTER3 
SIMULATION RESULTS 
This chapter presents the prediction of phase and pressure transient behaviours, of 
volatile oil reservoirs using single well compositional reservoir simulation. The effects 
of varying production rates; relative permeability curves and fluid composition on the 
near-wellbore, dynamics of volatile oil reservoirs were also investigated. 
Simulation runs, consisting of a series of drawdowns (DD) and build-ups (BU), were 
designed to investigate the impact on well test behaviour of different reservoir 
conditions, such as fluid samples and relative permeability models. Simulation runs are 
defined by alphanumeric digits indicating the fluid sample (A or B); the relative 
permeability models (KI, K2, or K3); the existence of capillary number effect N, (No or 
N, for simulations without and with & respectively) and the existence of turbulence 8 
(Do or D, for simulations without and with A respectively). Flow periods are labelled 
DD for drawdown and BU for build-up, preceded by the flow period number. 
Subscript "const-cumm" is used for runs with constant cumulative production. 
Definition of the flow periods are shown below: 
I DD: constant production rate of 1000 bopd for 3 days 
2 BU: shut-in for 3 days 
3 DD: constant production rate of 2300 bopd for 5 days 
4 BU: shut-in for 5 days 
5 DD: constant production rate of 2700 bopd for 5 days 
6 BU: shut-in for 5 days 
Figure 3-1 shows the pressure and rate history for simulation run A-KI-No-Do (fluid 
sample A, relative permeability model 1, without N, effect and without P effect) 
Sensitivity analysis was carried out using different time steps to ensure that the time 
steps used have no effect on the results of the reservoir simulation. 
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Figure 3-1 Pressure-rate history for simulation run A-KI-No-Do 
0 
3.1 Phase Behaviour and Dynamics 
During a well test in a volatile oil reservoir, when the BHP is above bubble point, the 
saturation and composition are uniforrn throughout the reservoir for all DD and BU as 
shown by the simulated phase profiles in Figure 3-2 and Figure 3-3. A slight increase 
in mobility occurs around the wellbore (Figure 3-4) corresponding a decrease in oil 
viscosity due to volumetric expansion (Figure 3-5). 
Co 
0,9- lrvbal reservoi r saturabon 
)8 
100 -E3U 17 
)5 
)5 
). 4 
). 3 
3.2 
10-1 loo lol 102 103 104 
Radial Distance from Wellbore (ft) 
Figure 3-2 Constant saturation for flow periods above Pbub: run A-KI-NO-DO 
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Figure 3-3 Constant composition for flow periods above Pbub: run A-KI-NO-DO 
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Figure 3-4 Effect of volumetric expansion on oil mobility: run A-KI-NO-DO 
Z, 
> 
0 
Iu- 
5.9- 
1DD 2BU 
58- 
5,7- 
7% increase in oil mobility 
56- 
5.5- 
Initial reservoir relative mobility 
5,4- 1 
Radial Distance from Wellbore (ft) 
Figure 3-5 Effect of volumetric expansion on oil viscosity: run A-KI-NO-DO 
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When the BHP falls below the bubble point pressure during a drawdown, a high gas 
saturation zone is created around the wellbore with two-phase (oil and gas) flow, 
whereas single phase (oil) with the initial gas saturation remains away from the 
wellbore. The size of the near-wellbore high gas saturation region increases with the 
drawdown duration (Figure 3-6). During a drawdown, the amount of light end 
components in the fluid decrease towards the wellbore and that of the heavy end 
components increase (Figure 3-7). 
I 
0.9 
08 
c 
07 
p (0 
05 
OA 
Initial reservoir saturation 
05 days of 5DD 
End of 5DD 
0.0001 days of SBU 
End of 6BU 
Radial Distance from Wellbore (ft) 
Figure 3-6 Saturation profile for Flow Periods below Pbub: run A-KI-NO-DO 
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Figure 3-7 Composition profile for Flow Periods below Pbub: run A-KI-No-Do 
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During the subsequent build-up, the gas created around the wellbore during the 
preceding drawdown condenses into the oil and the saturation in the near-wellbore 
region returns to the initial gas saturation (Figure 3-6). The fluid composition in the 
near-wellbore region, however, does not return to the initial fluid composition, due to 
the loss of the light components (the pressure-temperature phase envelope of the fluid 
shifts downwards to the right as shown in Figure 3-8). 
6( 
5( 
41 
3( 
Co p 
CL 
21 
1 
Temperature (OF) 
Figure 3-8 Change in phase in envelope due to loss of light end hydrocarbon: 
run A-KI-NO-DO 
Below the bubble point pressure, the oil viscosity profile depends on the combined 
effects of the liberation of the solution gas and the volumetric expansion of the oil. For 
6BU (which follows 5DD, a drawdown below the bubble point pressure with a rate of 
2700 Bbl/D), the viscosity of the oil phase increases towards the well in the near- 
wellbore region. In this build-up, the increase in oil density around the wellbore due to 
the change in composition over-compensates for the decrease in oil density due to 
volumetric expansion (Figure 3-9). 4BU, on the other hand, shows a lower oil 
viscosity near the wellbore because the decrease in viscosity due to volumetric 
expansion dominates the increase in oil viscosity due to the change in composition 
(Figure 3-10). 4BU follows 3DD, a drawdown below the bubble point pressure with a 
rate of 2300 Bbl/D. 
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Figure 3-9 Oil viscosity profile at end of 5DD and 6BU: run A-KI-NO-Do 
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Figure 3-10 Oil viscosity profile at end of 3131) and 6BU: run A-KI-NO-Do 
The decrease in oil relative mobility around the wellbore, in all the drawdowns below 
the bubble point pressure, is due to the combination of an increase in gas saturation 
and an increase in oil viscosity. At the end of all the build-ups, the gas saturation in the 
near-wellbore region returns to its initial value. The oil relative mobility increases 
around the wellbore at the end of a build-up due to volumetric expansion of fluid. It 
decreases only when the flow rate of the oil phase is high enough to change the 
composition (Figure 3-11). Gas becomes mobile as soon as the reservoir pressure falls 
below the bubble point pressure. The mobility of the gas phase increases with time 
during a drawdown and returns to zero at the end of the subsequent build-up when gas 
re-dissolves into oil (Figure 3-12). 
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Figure 3-12 Gas relative mobility profile at end of flow periods 
3.2 Well Test Behaviour of Volatile Oil Reservoirs 
The 7% increase in the relative mobility of the volatile oil shown in Figure 3-4, when 
BHP is above the bubble point pressure, is not significant enough to be seen on the 
log-log pressure-derivative (IDD and 2BU in Figure 3-13). Therefore, the mobility of 
volatile oils above the bubble point pressure can be evaluated as for black oil. 
Below the bubble point pressure, lower oil relative mobilities can be seen at the 
beginning of 4BU and 6BU (higher early time derivative stabilizations in Figure 3-14). 
They correspond to the lower mobilities at the end of 3DD and 5DD (higher late time 
derivative stabilizations in Figure 3-15 and Figure 3-16, respectively). 
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Figure 3-13 Log-Log Pressure Derivative plot for flow above bubble point: 
run A-KI-No-Do 
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Figure 3-14 Log-Log pressure derivative showing decreasing oil mobility towards 
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Figure 3-15 Mobility at end of 3DD corresponding with mobility at the beginning of 4BU 
run A-KI-No-Do 
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Figure 3-16 Mobility at end of 5DD corresponding with mobility at the beginning of 6BU 
run A-KI-NO-DO 
The early time derivative stabilizations during the build-ups are actually slightly lower 
than that the late time derivative stabilizations in the corresponding previous 
drawdowns because of gas re-dissolution in oil during the build-up, which reduces the 
oil viscosity and increases the mobility. 
The log-log pressure-derivative behaviours below the bubble point therefore 
correspond to a two-zone radial composite model, with decreasing mobility during 
drawdowns (left hand side plots in Figure 3-15 and Figure 3-16) and increasing 
mobilities during build-ups (right hand side plots in Figure 3-15 and Figure 3-16, and 
Figure 
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Figure 3-17 Two-zone composite behaviour of volatile oil reservoir below bubble point 
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3.2.1 Effect of Production Rate 
The impact of the production rate on the well test behaviour of volatile oil wells was 
studied in two ways: (1) increasing oil production rates with constant flow durations; 
and (2) increasing oil production rate with constant cumulative production. 
Cumulative Production t, =I1,500stb 
increasing oil flow rates with constant flow durations leads to a decrease in oil relative 
mobility (Figure 3-18). This is due to the increase in the size of the near-wellbore, high 
gas saturation region (Figure 3-19) and the increase in viscosity towards the well 
(Figure 3-20). This decrease in oil relative mobility can be clearly seen on the 
derivative plot of Figure 3-21. The same behaviour is obtained when increasing oil 
production rate with constant cumulative production (11,500 stb in Figure 3-22). The 
increase in the size of the high gas saturation region is due to the high energy 
associated with high velocity, which leads to more gas production than at lower oil 
rate 
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3.2.2 Effect of Fluid Composition 
The highly volatile oil (fluid A) exhibits a higher mobility than the less volatile oil 
(fluid B) above the bubble point pressure throughout the reservoir because highly 
volatile oils are richer in light hydrocarbon components, and therefore have lower 
viscosities than less volatile oils. Below the bubble point pressure, the more volatile oil 
(fluid A) creates higher gas saturations around the wellbore than the less volatile oil 
(Figure 3-23). Although fluid A has a lower viscosity away from the well (Figure 
3-24), the higher gas saturation around the well reduces the oil relative mobility more 
than for the less volatile oil (fluid B) as shown in Figure 3-25. This behaviour can be 
seen on the log-log pressure derivative plot of Figure 3-26, which shows oil mobility 
being dominated by saturation in the near-wellbore region and by oil viscosity away 
from the well. 
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3.2.3 Effect of Relative Permeability 
The three relative penneability curves shown in Figure 2-2 were used to study the 
effects of relative permeability. Reducing the steepness (i. e., reducing 6) of the relative 
permeability curves increases K, at a given saturation (Figure 3-27), decreases the 
pressure drop around the wellbore (Figure 3-28) and increases the oil mobility in the 
two-phase region of the pressure derivative (Figure 3-29). The reason is that a change 
in steepness affects the two-phase region more than the end point relative pen-neability 
values, as shown in Figure 2-2. 
Reducing Kr,,,,, 
-, 
decreases K, throughout the entire reservoir in both the single phase 
and the two-phase regions (Figure 3-30 and Figure 3-31) and increases the bottomhole 
pressure drop (Figure 3-32). 
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3.2.4 Effect of Capillary Number and non-Darcy flow 
These effects are discussed in Section 4.3.3 in the context of the actual field data. 
3.3 Well Test Analysis of Volatile Oil Reservoir 
A two-zone radial composite model has been used to analyse all build-ups below the 
bubble point pressure, while a model with homogenous behaviour was used for flow 
periods above the bubble point to validate the well test behaviour discussed in section 
3.2. 
3.3.1 Composite Reservoir, 2 zones 
The well test interpretation model for build-ups in a volatile oil reservoir is a two- 
region radial composite model below the bubble point pressure, and a homogenous 
behaviour model above the bubble point pressure. A two-region radial composite 
reservoir model is characterized by a change in mobility and storativity in the radial 
direction (Figure 3-33), resulting in two radial flow stabilization on the derivative. 
Analysis using the composite reservoir model yields the effective pen-neabilities of the 
inner (Kýffj) and outer (K, #-, ) zones; the wellbore skin GS); the total skin (S') due to inner 
zone; the mobility ratio (khlp)112; and the distance to the radial mobility discontinuity, 
ri. The actual r, value is a function of the storativity ratio (Ocjh)1ý2, which requires to 
calculate the total compressibility in the two-phase region around the wellbore (Ayan 
and Lee, 1986): 
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dBo ýýLR RJý, 
+ SýCý + C/ 
B, dP dP I-RR, B, dP dP I-R, R, 
)ýj 
(7) 
The matches between the build-ups from Figure 3-1 and the applicable interpretation 
models are shown in Figure 3-34 to Figure 3-36. Each build-up had to be matched 
separately because the fluid composition is different in the different flow periods. 
Analysis results are summarized in Table 3-1. 
Fluid parameters used for analysis of each of the flow periods are summarised in 
Appendix C 
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Table 3-1 Result of well test analysis 
Parameters Analysis of Build-ups 
2 BU 4BU 6 BU 
Analysis Model Homogenous Radial Radial 
composite composite 
Pi (psia) 5260 5260 5260 5260 
K,, e ýff =K x 
K,.... x 9.5 9.5 9.5 9.5 
K (mD) 10 10 10 10 
SW 0 0 3 5 
r, (R) NA 936 726 640 
(Och)1/2 NA NA 2.5 3.2 
(from fluid analysis) 
(Kh/p)1/2 NA NA 0.67 0.54 
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CHAPTER4 
Well Test Analysis of Volatile Oil Reservoirs 
This chapter illustrates the application of the findings described above to the analysis 
of an actual well test (DST-Well-15) from a volatile oil reservoir in the Pur-Taz region 
of Westem Siberia. 
Conventional analysis techniques and deconvolution were supplemented by 
compositional simulation to verify the existence and the size of the high gas saturation 
region around the wellbore, and investigate the impact of the capillary number and 
non-Darcy flow. 
4.1 Well Testing 
Well test is carried out for reservoir evaluation, description and management. This 
involves flowing well at constant rate while measuring the pressure change (decline) as 
function of time -pressure draw down test and closing a flowing well to measure the 
pressure recovery (build-up) - pressure build-test (Zheng and Corbett, 2005). 
Well testing involves perturbing one or more wells and observing the effect at the 
perturbed well and/or adjacent wells. This is a typical signal analysis problem 
(Gringarten, 1986). Symbolically described as: 
14 S40 
In this case a known input signal I (a change of rate) is applied to an unknown system 
S (the well and reservoir) resulting in an output signal 0 (the pressure response). The 
reservoir model that satisfies the known input and output becomes the solution. The 
evaluation becomes an inverse problem with a non-unique solution. This is not 
uncommon to most reservoir characterisation process. The non-uniqueness can be 
reduced by having more test data and checking consistency of result with other 
reservoir characterisation method such as geophysics, geology, petrophysics, etc. 
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The mathematical formulation describing the behaviour of the interpretation model is 
obtained by solving the diflusivity equation, which governs the flow of fluid in a 
porous medium. 
4.1.1 Diffusivity Equation 
The difftisivity equation governs variation in pressure in the reservoir with time. The 
diffusion is fon-nulated from the following equations: 
1, Darcy's law describing 1 -dimensional radial flow fluid flow in porous media: 
k Op 
,u 
ar 
(4-2) 
Darcy's law is valid within a time interval when the flow rate and other parameters are 
constant. It does not depend on the porosity of the medium, or the on the 
compressibility of either the fluids or the rock (Bourdarot, 1998). 
2, Continuity equation (mass conservation equation) for I-dimensional radial flow 
shown in (4.3). 
O(pu) = a(po) ar at 
(4-3) 
3, Equation of state which accounts for variation of fluid properties with pressure is 
shown in (4.4) and relationship which accounts for dependence of porosity on pressure 
is shown in (4.5). 
Co =I 
ap 
(4-4) 
p ap 
Cf = 
100 
(4-5) 
0 ap 
The diffusivity equation for I dimensional radial flow is expressed in as: 
10 (r ap) 
= 
OPS Op 
(4-6) 
r ar ar k at 
Conditions for validity of the Diffusivity equation can be surnmarised below: 
Darcy's law applies 
9 Small pressure gradients everywhere 
* Negligible gravity forces 
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* Slightly compressible fluid 
* k, ý and ji are constant (independent of pressure and location) 
* Reservoir is homogenous and isotropic 
The diffusivity does not apply directly to highly compressible fluid (gas) or rock 
(unconsolidated formation) hence the need to linearise the diffusivity equation by 
using pseudo-pressures (Gringarten, 2006a). 
Solution ofDiffusivity equation 
The difftisivity equation can be solved for with three boundary conditions described as: 
9 Pressure at the beginning of test (initial condition) 
Inner boundary conditions (flow rate at well) 
Outer boundary conditions (pressure at the reservoir boundaries) 
Different flow regime classifications are defined depending on (Opl0t) in the 
difflasivity equation. 
" 
LP 
= f(location, time): Transient flow at 
" 
LP 
=Constant : Pseudo- or semi-steady state (depletion in closed reservoirs) at 
" 
LP 
= 0: Steady state (developed patterns with constant pressure boundaries) at 
The pressure variations at the well give an indication of the properties of the part of the 
reservoir involved in the compressible zone. At the beginning of the test the pressure 
drop reflects the reservoir properties in the vicinity of the well. Later on, the test 
reaches areas that are further away. 
Transientflow: 
During well testing, reservoirs behave as if infinite in extent until the compressible 
zone reaches the boundaries of the reservoir or comes under the influence of another 
well. 
Pseudo steady-Stateflow: 
When the compressible zone reaches a series of no-flow boundaries, the flow regime 
becomes pseudo steady state. This is the type of flow in a producing reservoir with no 
flow boundaries. 
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Steady-stateflow: 
Steady-state flow occurs when the compressible zone is affected by some constant 
pressure outer boundaries. This is the type of flow in the reservoir producing under 
gas-cap or water drive conditions when mobility of the water is high compared to that 
of the oil (Bourdarot, 1998). 
The diffusivity equation can be solved using methods which include: 
o Laplace Transform (Van Everdingen and Hurst, 1949). Numerical Laplace 
Transform Inversion using Stefbest Algorithm has improved capabilities to 
solve more complex reservoir models. 
* Green's functions. Gringarten and Ramey (1973) used Green functions to solve 
unsteady state flow problem in reservoirs. Instantaneous Green and source 
functions were prepared. This can be used with the Newman's product method 
to generate solution for different reservoir flow problems. 
* Other methods include Boltzmann transformation (for radial flow); Hankel 
transforms and Numerical (finite differences, finite elements) (Gringarten, 
2006a). 
The diffusivity equation is linear for slightly compressible fluid as (ýgct)/k is 
independent of pressure and time. The linearity of the diffusivity equation makes it 
possible for superposition of solutions in time (well producing/injecting at different 
starting times ) and superposition of solutions in space (well producing/injecting at 
different locations). However, the same initial conditions must apply to individual and 
superposed solutions (Gringarten, 2006a). 
Well test analysis often makes use of dimensionless variables. The importance of 
dimensionless variable is that they simplify the reservoir models by embodying the 
reservoir parameters (such as k), thereby reducing the total number of unknowns. They 
also have the advantage of providing model solution independent of any unit system. 
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Dimensionless pressure pD is defined in (4-7) and (4-8) in oilfield and consistent units 
respectively. 
PD ý-- 
kh 
(pi - Pf (4-7) 141.2qB, u 
2kh 
PD = 
qBp 
(pi - Pf (4-8) 
Dimensionless time tDis defined in (4-9) and (4-10) in oilfield and consistent units 
respectively. 
tD 0.000264kt (4-9) Opc, 
r., 
kt 
tD 
Opc, r., 
(4-10) 
Dimensionless time can be defined based upon reservoir area as shown in (4-11). 
0.000264kt tDA -": 
Ouc, A 
Relationship between tD and tDA is shown: 
Ar2 
tD «*2 t DA - -"2 te r, 2 
DA 
rw2 
Dimensionless radius, rp is defined as: 
rD 
The concept of dimensionless variables can be used to solve the diffusivity equation. 
The dimensionless diffusivity equation is: 
(rD 
rD arD 'OrD OtD 
(4-14) 
In the absence of wellbore storage and skin effects, the pressure transient due to 
infinite acting radial flow into a line source wellbore producing at constant flow rate is 
given by: 
2 
PD Ei( - 
r, ) 
1 
2ý 4tD ) 
(4-15) 
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Where Ei is the exponential integral function which is valid throughout the reservoir 
for rD ý: 1, thus can be used for interference tests as well as drawdown and build-up 
test. 
For rD=1, the exponential integral solution can be approximated by: 
-ý 
1 (IntD 
+ 0.80907) +S for 
LD 
> 10 (4-16) PwD 2 2 rý 
pwf --, 2 p, - 162.6LB-'u- logt + log7 
k+0.8686S 
- 3.2274 (4-17) 2 kh 
(r 
ýu w 
Where (S) is the dimensionless skin factor (Van Everdingen, 1953) 
From (4-17), a plot of pressure drop against the logarithm of time should contain a 
straight line with slope given in by: 
m(slope) = 162.6 
qBu 
kh 
(4-18) 
The skin factor can hence be estimated from difference between pi and the intercept of 
the straight line. This often done by substituting the time I hour in (4-17), and solving 
for S: 
S =1.151(p'-P"* _ log 
k 
+3.2274 
m Opc, r., 
(4-19) 
Most of the information from well test comes from interpreting the pressure build-ups. 
Interpreting a drawdown. test is limited by the flow rate fluctuations inherent to 
production. During build-up the shut-in pressure (p,,, ) is expressed as: 
p, - 162.6 
qBu log + log 
k+0.8686S 
- 3.2274 kh 
( 
At OU, r., 
(4-20) 
(4-20) suggests that a semi-log plot of p,,, versus (tp+, dt)IAI (Homer plot) yields a 
straight line with a slope m which is used in calculating k. The straight line 
extrapolates top* at infinite shut-in times. The value ofp* equal to the initial reservoir 
pressure pi only in the case of an infinite reservoir, and can be used to calculate the 
average reservoir pressure in the case of a depleted well. 
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Another interpretation method different from semi-log analysis is the use of transient 
pressure data is log-log type curve analysis. Log-log type curve analysis matches data 
and an applicable interpretation model on a log-log graph to obtain the desired well 
and reservoir parameters. An interpretation model applicable to the data exhibits the 
same behaviour as the data, and since dimensionless pressure and time are linear 
functions of actual pressure and time by definition, the actual pressure drop on a log- 
log graph differs from the applicable dimensionless interpretation model by shifts 
along both the pressure and the time axes. Calculating the shifts, or "matching" the two 
curves, which is equivalent, gives estimates of the reservoir and well parameters that 
characterizes the model, such as mobility, skin effect, etc. 
Several kinds of type curves have been published in literature. These include: Agarwal 
et al. (1970); Wattenbarger and Ramey (1970); McKinley (1971); Gringarten et al 
(1974); Earlougher and Kersch tyrpc curves (1974); Gringarten et aL (1979); Bourdet 
and Gringarten (1980). 
Bourdet et aL (1983) presented a new set of type curves. They included the pressure 
derivative plot. The advantage of the derivative is that it magnifies the difference in 
shapes between the various flow regimes that can be present during a given flow 
period, thus enhancing the diagnostic capability of the interpreter. 
Other type curves include: Duong (1987); Onur and Reynolds (1988); Blasingame et 
aL (1989); and Bourgeois et aL (199 1). 
4.1.2 Well Test Interpretation Process. 
This involves model identification which is defined by flow regime. The log-log 
pressure derivative is a very common method of identifying flow regimes near 
wellbore, reservoir and boundaries. This process involves identifying flow regimes that 
could create various types of test data (Gringarten, 2006b). 
Moshood Sanni PhD 2008 
52 
Well Test Analysis in Volatile Oil Reservoirs 
Flow regimes include: near wellbore-early times (wellbore storage, skin, fractures, 
partial penetration, horizontal well); reservoir behaviour-middle times (homogenous 
and heterogeneous: 2 -porosity, 2-permeability and composite) and boundary effects- 
late times (infinite extent, specified rates, specified pressure and leaky boundary) 
(Gringarten, 2006b). Components of well test interpretation model are summarised in 
Figure 4-1. 
Near Wellbore 
Effects 
Reservoir 
Behaviour 
Boundary 
Effects 
Wellbore Storage Homogeneous Specified Rates 
Skin Heterogeneous Specified Pressure 
Fractures 2-Porosity Leaky Boundary 
Partial Penetration 2-Permebaility 
Horizontal Well Composite 
Early Times Middle Times Late Times 
Figure 4-1 Components of Well test interpretation model (Gringarten, 2006b) 
The evaluation of well test parameters has evolved from straight line to deconvolution. 
The presence of different method has lead to integrated approach to analysis well test 
data. This method can be summarised as: straight line techniques; type curve matching 
and use of non-linear regression (Gringarten, 2006b). The various analysis techniques, 
their age and ranking with respect to power in identification and verification of 
interpretation model can be summarised in Figure 4-2. 
Time Analysis Method Identification Verification 
50's Straight Lines Poor None 
70's Pressure Type Curves Fair (Limited) Fair to Good 
80's Pressure Derivatives Very Good Very Good 
00's Deconvolution Much Better Same as Derivative 
Next ? >>> >>> 
Figure 4-2 Ranking of well test interpretation methods (Gringarten, 2006b). 
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The model verification involves matching simulated data with real data using log-log; 
Homer plot; simulated pressure history and use of common sense. Well test 
interpretation process can be summarised with flow diagram in Figure 4-3. 
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Figure 4-3 Well test Interpretation Model Identification Process (Gringarten, 2006b). 
4.1.3 Deconvolution of Well Test Data 
Deconvolution transforms variable rate pressure to constant rate initial draw down with 
duration equal the total duration of test and yields directly corresponding pressure 
derivative normalised to a unit rate (Gringarten, 2006b). The ability of deconvolution 
to analyses well test data at variable rate has made it important in analying large set of 
well test data ranging over long periods of time from permanent dowhole gauges (Von 
Schroeter el al., 2004). Such data contain information about the reservoir at distances 
from the well which can be several orders of magnitude larger than the radius of 
investigation from of single flow period (Von Schroeter et al., 2004). 
The pressure drop signal observed in a well test with time varying flow rate satisfies 
the Duhamel's principle (4-21). This principle is valid if the inflow in the reservoir is 
governed by set of equations which are linear in pressure and production rate. in 
situations where nonlinearities play an important role, as for gas or multiphase flow, it 
can only be an approximation (Von Schroeter et al., 2004). 
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I 
A-P(t) = IQ * gXt) = 
fQ(t')g(t 
- tl)dt' (4-21) 
0 
Where g denotes the impulse response, which is the ordinary time derivative of the 
rate-normalised wellbore, pressure drop: 
g(t) = G(t) = 
dG 
dt 
(4-22) 
Hutchinson and Sikora (1958) attempted a unit function calculation on pressure and 
rate for a water-drive reservoir. The calculation was very unstable and the resulting 
response was characterised by considerable oscillation. 
Kucuk (1985) presented some deconvolution methods based upon the linearization of 
the convolution integral. The calculation of the deconvolution integral was carried out 
in Laplace space. The solution was general and applicable to heterogeneous. The 
method presented problems of stability and noisy flow data. 
Thompson and Reynolds (1986) described the use of piecewise approximation for 
either pressure of flow rate in the evaluation of the convolved integral. The 
deconvolution integral was carried out in the real time which creates a general 
solution. The calculation is however complex and time consuming. The real time 
deconvolution described by the author involves a complicated recurrence relation 
which has severe numerical difficulties. 
Roumboutsos and Stewart (1988) used piecewise linear approximations to transform 
rate and pressure measurements into Laplace space. The constant-rate pressure 
response was then obtained by inverting a quotient of Laplace transforms this was also 
characterised by instability. 
Von Schroder et al. (2004) presented a deconvolution algorithm based on the Total 
Least Square method, which provides stable results. The algorithm estimates both rates 
(called "adapted" rates herein) and normalised derivative bY minimising an error 
measure, E, (4-23), which is a weighted combination of pressure match, rate match, 
and a penalty term based on the overall curvature of the graphed derivative and whose 
purpose is to enforce smoothness of the resulting deconvolved derivative. 
Moshood Sanni PhD 2008 
55 
Well Test Analysis in Volatile Oil Reservoirs 
E= 11P, _p_y*, Jý112 + I'lly -q2 
11 
+ AIIDZ - 
K112 (4-23) 
Y L-F, 
pressure match rate match curvature 
The expression is minimised over p, y and Z with P and q as input data. Matrix D and 
vector K are curvature operators. v is a weighting parameter for rate match, and ;. is the 
regularization parameter (roughness factor). 
The weight of the pressure match is normalized to one and the estimate depends on 
two weights, v for the rate match, and ). for the roughness penalty. v is usually set at a 
default value and only the regularisation parameter ;. is varied. Regularisation 
introduces bias, however, and thus the user must choose a level of ý that imposes just 
enough smoothness to eliminate small-scale oscillations on the derivative while 
preserving genuine reservoir features. 
The use of deconvolution requires selecting control parameters which yields different 
deconvolved derivatives. Hence the use of deconvolution required knowledge of 
conventional well test interpretation. Levitan et al. (2006a) examined the Total Least 
Square method on simulated data with different levels of noise Gringarten el al. (2003) 
and Gringarten (2005) applied the deconvolution algorithm on actual data from 
different fields. The methodology for well test analysis using deconvolution is 
summarised in Figure 4-4. 
Convolved P-Jýpre-m wth adapted itts 
N. 
re 
UM 
+ Adapted rates Umt rate oonvolýd P*euckýprcseure dr-down 
rate -olvw 
mre dra*Oý End 
Figure 4-4 Well test analysis using cleconvolution (Gringarten, 2006a) 
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4.1.4 Composite Behaviour in Well Testing 
The basic reservoir dynamic behaviour reflects the number of porous media of 
different mobilities and storativities that participate in the flow process (Gringarten, 
1984; Gringarten, 1986). Hence reservoir behaviour from well test can be broadly 
classified as either homogeneous (one mobility and storativity) or heterogeneous (more 
than one mobility and or storativity). Heterogeneous behaviour can be double porosity, 
double permeability or composite behaviours (Gringarten, 2006b). 
Composite behaviour is characterised by one set of mobility and storativity around the 
well and different values away from the well. They are composed of concentric zones 
with discontinuity in one or more of. saturation, permeability, thickness or porosity. 
Loucks and Guerrero (196 1) solved the differential equation for continuity of mass in a 
two composite region to predict the pressure distribution in a composite a reservoir. 
They showed that the size of the inner zone can be determined from a Homer plot, and 
the size of inner zone can be estimated the time at which the second linear portion 
begins. 
Odch (1969) presented a graphical correlation (Figure 4-5) for estimating mobility of 
two concentric radial composite reservoir and radius of radial discontinuity. This 
correlation was developed from the observation that pressure data measured at a shut- 
in well in composite behaviour may exhibit a semi-log straight line corresponding to 
the inner region mobility and then a transition followed by a second semi log straight 
line corresponding to the outer region. 
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Figure 4-5 Semi-log plot of pressure and dimensionless time (Odeh, 1969) 
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Where b (Figure 4-5) is the radial distance to the discontinuity and hence (blr,, ) is 
dimensionless radial distance of discontinuity with the dimensionless intersection time 
QD. J. He further presented an equation relating a dimensionless radius discontinuity 
with dimensionless intersection time (tD., ) 
I 
2 
b 225tDx 
rD m 
"M(M-')) 
For drawdown, tD., is given by: 
6.32xlO-'k, At, 
tDx 
01ýUJCJ 2 rw 
(4-24) 
(4-25) 
For Build-up, tD.,, is given by: 
tDx = 
6.32 x 10-3 k, Atw. vx (4-26) 
01'a 
ICI rW2 
Where t., is the time, in days at which the intersection of the two straight lines occurs 
and t,,,,, is the shut-in time, in days, at which the intersection of the two straight lines 
occurs. 
Merrill et aL (1979) estimated the distance of fluid bank in composite behaviour due to 
a saturation discontinuity as a result of fluid injection around a well. They presented a 
trial-and-effor method to estimate the properties of the first and second zones and 
equations for location of the first discontinuity for water flooding, rfl using either (4- 
27) or (4-28) if sufficient data are available: 
5.6146WB 
(Material balance equation) (4-27) 
; Zho(s. -S,,, ) 
r 
0.000263 ýAtfx 
(Interscction time equation) (4-28) f (OCI )I At 
Dfx 
Where Ai (4-29) is mobility of altered zone, W is the total volume of injected fluid, 
and Atf,, shut-in time determined by intersection of extension of first and second 
straight-line segments on a dimensionless semilog intersection time and AtDfi,, is the 
dimensionless shut-in time detennined by intersection of extension of first and second 
straight-line segments on dimensionless semilog plot. 
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Where Al is defined as: 
162.6qB,, 
m1h 
(4-29) 
Olarewaju et al. (1991) presented family of type-curves generated from composite 
model that is most applicable to the analysis of well-test data from radially damaged 
and stimulated wells. The model was expressed in terms of a dimensionless wellbore 
2 
pressure drop, pD and tDIRD] . Where RDI is dimensionless radius of inner zones (rllr,, ) 
and tD is dimensionless time defined by (4-30) and PD defined by (4-31). Type curve 
matching with this model yields the inner region mobility from the pressure match: 
tD 
0.0002637k2t 
(4-30) OpCt r. 2 
PD 
k2hAp 
(4-31) 
141.2qB, u 
From the match on type curve Ofq PD VS tLVRD 29 k2 and rl can be estimated. 
Producing volatile oil below the bubble point creates a two-phase region in region 
around the wellbore region and single-phase oil in region far from wellbore which is 
two zone composite reservoir model due to discontinuity in saturation. 
4.1.5 Phase Redistribution 
Phase redistribution occurs in wells when there is multiphase flow and production rate 
is controlled at the surface. Wellbore phase redistribution though limited to early times 
behaviour, may dominate a well test for several hours (Ali et aL, 2005). The presence 
of wellbore phase redistribution can cause erroneous interpretation of well test data. 
Stegemeire and Matthews (1958) using statistical study of a south Texas field, showed 
that the sizes of humps on log-log pressure derivative due to phase redistribution are 
greater in wells with low productive index, associated to low permeability and skin.. 
Pitzer et al. (1959) discussed how phase redistribution affects most surface shut-in 
build-up curves and how bottom-hole shut-in techniques can be used to eliminate 
phase redistribution. 
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Hassan and Kabir (1993) used and explained the mechanism of wellbore phase 
redistribution in vertical and deviated wellbores. They further showed that the 
magnitude of the anomalous pressure rise increases with increasing damaged skin, 
decreasing wellhead pressure, and increasing bubble rise velocity. 
4.2 Interpretation of Well Test Data from DST-Well15 
The pressure and rate histories of DST-Well- 15 are shown in Figure 4-6. There is an 
initial drawdown of 41.8 days; a build-up of of 6.4 days (213U); a drawdown of 26 
hours at 3 different rates (4 to 6DD); a build-up of 2.7days (7BU); a drawdown of 26 
hours at 7 different rates (8 to 15DD); and a final build-up of 6.2 days (16BU). The 
reservoir fluid was initially thought to be gas condensate, with gas as the dominant 
fluid and only the measured gas rate was made available. However, fluid analysis 
showed the reservoir fluid to be volatile oil (identified as sample B in Table 2-1 and 
Appendix A). The oil rate had to be estimated from the measured gas rate and the GOR 
at known separator conditions (Table 4-1). The oil rate was validated with 
compositional simulation and deconvolution. The initial pressure of 4076 psia was 
obtained from the fluid analysis report (and confirmed by both conventional analysis 
and deconvolution). 
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Figure 4-6 DST Pressure Rate History of DST-WeII15 
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Table 4-1 Estimation of oil rate from measured gas rate and GOR 
Flow Period Recorded Gas Rate 
Mscf/D 
Estimated Oil Rate 
Using measured GOR 
Stb/D 
IDD 1000 560 
2BU 0 0 
3DD 0 0 
4DD 1000 560 
5DD 770 431 
6DD 700 392 
7BU 0 0 
8DD 0 0 
9DD 225 126 
10 DD 860 482 
IIDD 960 538 
12DD 890 498 
13DD 1350 756 
14DD 1525 854 
15DD 1530 857 
16BU 0 0 
No boundary effects are seen on the 109-109 plots of Figure 4-7 to 4-10, or on the 
superposition plots in Fig. 50, because the various build-ups were too short (6.4 days 
maximum). Deconvolution (von Schroeter et aL 2004) was therefore used to extend 
the amount of interpretable data, as deconvolution transforms variable rate pressure 
data into a constant rate initial drawdown with a duration equal to the total duration of 
the test (38 days). The initial pressure can only be calculated by deconvolution if 
reliable DST data are available at the start of the life of the well. Alternatively, it can 
be found by trial and error provided that the test data include at least two build-ups: the 
deconvolved derivatives for the two build-ups are identical at late times if the initial 
pressure is correct. Otherwise, they diverge or cross (Levitan, 2005). This procedure 
confinned the value of 4076 psia from the fluid analysis report. 
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Figure 4-10 Superposition function plots showing reservoir as non-depleting 
Figure 4-11 shows a log-log plot of the unit-rate derivative obtained by deconvolving 
the last build-up, 1613U. The deconvolved derivative is identified by a label which 
describes the conditions of the deconvolution: refers to the rate record used; 
identifies the pressure data that have been deconvolved; I ..... 
I states the value of 
the regularisation parameter A (1.54660E+05 in this case); and the last parameter in the 
label represents the initial pressure (Pav)i, either calculated by deconvolution or 
imposed to the deconvolution. 
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Figure 4-11 Comparison of actual normalised pressure derivative with best deconvolved 
derivative indicating a channel boundarY behaviour. 
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The deconvolved derivative in Figure 4-11 exhibits a half-unit log-log straight line at 
late times, suggesting a channel boundary. The most consistent well test interpretation 
model is actually a well with wellbore storage and skin in an open rectangular 
reservoir (i. e., a channel bounded on one side) with a two-region radial composite 
behaviour. Figure 4-12 to 4-14 show the match between data and model, for each 
build-up, on a log-log plot of pressure and derivative, a superposition plot and a 
pressure history plot. The match is satisfactory, even though increasing wellbore 
storage was not included in the model. A skin effect vs. rate plot showing non-Darcy 
flow is also included. Well test analysis results are listed in Table 4-2. 
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Table 4-2 Summary of well test analysis of DST-WeII15 using Build-up data. 
Flow Periods 
Parameter BU2 7BU 16BU Variation % 
(pav)i 4076 4076 4076 psia 0 
Pwf 2529 2996 2175 psia - 
kh(2) 378 380 409 mD. ft 5 
k2 
eff 19 19 
20 mD 5 
c 0.05 0.01 0.04 bbl/psi - 
S(t) 1.86 1.25 2.73 - 
ri 260 260 260 ft 0 
(ých)1/2 2.13 1.6 2.58 From Fluid Analysis - 
(kh/u)1/2 0.32 0.21 0.29 - 
dt 5164 5164 5164 ft 0 
d2 2711 2711 2711 ft 0 
d3 1190 1190 1190 ft 0 
4.3 Compositional Simulation of DST-WeII15 
A compositional simulation of DST-Well-15 was carried out to verify the results of the 
conventional well test analysis, and, in particular, the existence and the size of the high 
gas saturation zone around the well, and the existence and magnitude of non-Darcy 
flow. A further objective was to investigate the existence of capillary number effects. 
The simulation was performed with Schlumberger Eclipse 300 compositional reservoir 
simulator and PVTi fluid characterization package. Simulation parameters are listed in 
Table 4-3. 
4.3.1 Grid Model 
A Cartesian grid (52 x 10 x 1) with local grid refinement was used. The simulation 
model has three sealing faults. Distances from the well to the faults were set at the 
values obtained in well test analysis (Figure 4-15). 
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4.3.2 Relative Permeability Model 
Relative permeability curves were generated using Corey's model (Figure 4-16). 
Several relative permeability models and end point values were tested using 
compositional reservoir simulation to select the ones that provided a good match with 
all the build-ups. 
Table 4-3 Parameters for simulation of well test DST-WeI15 
Parameter Value 
Wellbore Radius (ft) 0.31 
Reservoir Thickness (ft) 20 
Net to Gross Ratio I 
Top of Reservoir (ft) 10,000 
Initial Reservoir Pressure at gauge Depth (psia) 4067 
Gauge Depth (190 ft above top perforation) (ft) 9810 
Average Radial Reservoir Permeability (mD) 19 mD 
Kv/Kh Ratio 0.1 
Reservoir Porosity 20% 
Initial water Saturation (S,, j) 0.4 
Bubble Point Pressure (psia) 4067 
d, (ft) 5165 
d2 (ft) 2712 
d3 (ft) 1190 
di 
FRURS dl-SIG5ft, d2-2712. d3-1190? t 
25 000ft 
Figure 4-15 Grid model for simulation of well test DST-WeI15 
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4.3.3 Velocity Dependence of Relative Permeability 
Figure 4-17 compares the depth-adjusted pressure from compositional simulation with 
the actual pressure history from DST-Well-15. While the build-ups do match, the 
drawdowns exhibit excessive pressure drops, with the simulated pressure in flow 
period 15DD even dropping to zero. This suggests that the capillary number, which 
reduces the pressure drop, affects the actual data. Both capillary number and non- 
Darcy flow (identified in the well test analysis) were therefore incorporated in the 
simulation. 
The capillary number in Schlumberger Eclipse 300 compositional simulator is based 
on Henderson's eight parameter model (Henderson el aL 2000), whereas non-Darcy 
flow uses Geertsma's relationship (Geerstma 1974) to estimate the 8 parameters + 
32): 
0.005 
-1 ýý ýýS, "5 CM (4-32) 
Henderson's parameters were selected by trial and error to provide the best match on 
the simulated pressure history and log-log pressure and derivative plots (Figure 4-17 to 
4-21). They are listed in Table 4-4, where values from a North Sea gas condensate 
reservoir are also given for comparison. Inclusion of velocity dependence in the 
relative pen-neability model does improve the pressure history match as shown in 
Figure 4-18. The match on the build-up pressure and derivative data in Figure 4-19 to 
4-21 is not perfect, possibly because of inaccuracies in the PVT properties. 
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Simulation and Test Data -2BU 
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Table 4-4 Input Parameter for Velocity-Dependent Relative Permeability Model 
Value for 
Value for North 
Parameter Description 
Simulation 
Sea Gas 
Condensate 
mg Controls the variability of the 10 23.89 
critical gas saturation with the 
normalised capillary number 
mo Controls the variability of the 0 79.62 
critical oil saturation with the 
normalised capillary number 
ni, Controls the weighting 5 6.23 
between the miscible and 
immiscible relative 
permeability curves (along 
with n2, parameter) 
n2, Controls the weighting .1 0 
between the miscible and 
immiscible relative 
permeability curves (along 
with n I. parameter) 
njo Controls the weighting 0.5 24.2 
between the miscible and 
immiscible relative 
permeability curves (along 
with n2o parameter) 
n2o controls the weighting 0 0 
between the miscible and 
immiscible relative 
permeability curves (along 
with n I. parameter) 
N, bo Base capillary number 
for oil. LOE-06 LOE-06 
This is the threshold value of 
the capillary number above 
which the VDRP effect is 
thought to be active. 45 
Ncbg. 
n Base capillary number for gas. LOE-01 I LOE-06 
This is the threshold value of 
capillary number above which 
the VDRP effect is thought to 
be active 
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4.3.4 Phase Behaviour 
Figure 4-22 shows the oil saturation profiles at the end of all the build-ups. Although 
the gas around the well has dissolved into the oil, a two-phase region still exists away 
from the well. This is because, with the initial reservoir pressure at the bubble point 
pressure and the long duration of the first drawdown, the build-ups are too short for the 
reservoir pressure to return to the initial pressure. 
Figure 4-22 also displays the radius of the high gas saturation region estimated from 
well test analysis. It compares reasonably well with that from compositional 
simulation, although the simulation shows a continuous change in mobility rather than 
an abrupt one. 
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Figure 4-22 Saturation profile in the region around DST-WeII15 
Figure 4-23 summarises the process for well test analysis of volatile oil reservoirs. 
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Figure 4-23 Methodology for well test analysis of volatile oil reservoirs 
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CHAPTER 5 
Application of Well Testing for Well Deliverability 
Forecasting in Volatile Oil Reservoirs 
This chapter presents the results of a study on the factors affecting well deliverability 
in volatile oil reservoirs producing at flowing bottomhole pressure below bubble point 
pressure and methods for mitigating well productivity decline due to "gas blockage" 
when volatile oil reservoirs are producing at flowing bottomhole pressure below 
bubble point pressure. 
For this purpose, actual well producing at flowing bottomhole pressure below bubble 
point pressure was modelled using a one-dimensional single well compositional 
reservoir simulation, with velocity-dependent relative permeabilities functions of 
Capillary Number (N,, ) and Forchheimer parameter (fl). The model was then used to 
investigate oil productivity impairment due to "gas blockage" near the wellbore and 
the use of vertical hydraulic fractures and horizontal wells to mitigate the impairment 
to flow of the oil phase due to "gas blockage". 
Management of oil and gas reservoirs is done at well level and field scale. 
Management at the well level gives important information on deliverability of 
individual wells that make up the field. Well test analysis is very important in reservoir 
and well management. It provides information on well condition; dynamic reservoir 
behaviour and reservoir boundaries. In well test analysis, the goal is to develop a 
simple reservoir model that honours all relevant static and dynamic data acquired 
during reservoir appraisal. The model is be tuned to ensure that all the pressure 
transient data acquired from the well are honoured (Levitan et al., 2006b). 
In a saturated volatile oil reservoir with initial reservoir pressure at the bubble point 
pressure, it becomes difficult to keep the reservoir at the bubble point pressure during 
production hence the reservoir must be produced below the bubble point. The 
management of such reservoir and well require the knowledge of impairment that can 
arise due to high gas saturation around the wclls (gas blockage). 
PhD 2008 Moshood Sanni 
73 
Well Test Analysis in Volatile Oil Reservoirs 
Woods (1955) presented a case history of reservoir performance of a highly volatile 
type oil reservoir. Increasing trend in AN and GOR was recorded in two years of 
producing the reservoir with well characteristics becoming similar to that of a gas 
producing well rather than oil. As the reservoir pressure declined, the proportion of 
light volatile hydrocarbons recovered increased and correspondingly, the liquid phase 
remaining in the reservoir became richer in heavy hydrocarbons. 
Another objective of well test analysis, apart from reservoir characterisation, is the 
prediction of well deliverability for production optimisation. One method of defining 
well deliverability is using productivity index (PI) which is the ratio of the flow rate by 
the drawdown pressure drop, expressed from the average reservoir pressure (p, ). 
This gives an estimation of the reservoir capacity to deliver fluid to the wellbore and 
expressed mathematically as: 
PI =q (P.. - Pf 
(5-1) 
Ideal productivity which is for well of zero skin is defined by Matthews and Russell 
(1967): 
q 
(Pav - Pwf ARkin 
(5-2) 
During infinite acting, average reservoir pressure is approximately equal to initial 
reservoir pressure, so PI can be defined in terms of reservoir parameters for single- 
phase at steady state condition: 
PI = 
kh 
k 
(5-3) 
162.6Bp lOgAt+109- 3.23+0.87S OpCt rw2 
During pseudo steady state flow, PI is constant and can be expressed as 
PI =A 
kh 
(5-4) 
162.6B, u log 
r. 2 - 
log(C, 4)+0.351+0.87S) 
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An inflow performance relationship (IPR) enables estimation of well production rate 
when a given back pressure is exerted on the wellhead. Since the early days of testing 
wells, most efforts have concentrated on the formulation of simple equations 
expressing the relationship between volumetric; flow rate and bottomhole flowing 
pressure over the practical range of production conditions (Golan and Whitson, 1994). 
When there is evolution of free gas inflow performance of oil phase is reduced. Vogel 
(1968) established an empirical relationship to estimate IPR for solution-gas drive 
wells. 
IPR curves were generated for different reservoirs that have similar shapes, but depend 
in a given reservoir on the degree of depletion. 
Inflow performance relationship has been extended to: damaged wells producing by 
solution-gas drive (Standing, 1970); solution-gas drive horizontal wells (Bendakhlia 
and Aziz, 1989); damaged or improved solution-gas drive wells (Klins and Majcher, 
1992); perforated wells producing from solution gas drive reservoir (Sukamo and 
Tobing, 1995). Due to the dependence of IPR on depletion, they can not be used for 
transient production. 
Fetkovich (1973) demonstrated that gas wells and oil wells behave very similarly, and 
therefore should be tested and analysed for well performance using the same basic 
flow equations. A rate-pressure relationship was developed on empirical observations 
for isochronal testing of oil wells, but the validity of his approach was not discussed. 
In volatile oil and condensate reservoirs with flowing bottomhole pressure below the 
saturation pressure, it becomes difficult to define PI in terms of reservoir parameters 
due to: multiphase flow; capillary number dependence of relative permeabilities and 
recovery of liquid hydrocarbon from gas phase during separation process. 
Compositional reservoir simulation remains the best way to describe transient PI of 
volatile oil and gas condensate reservoirs below saturation pressure. Bozorgzadeh and 
Gringarten (2005), showed using single-phase and two-phase pseudo-pressures, that 
gas relative permeability at near-wellbore saturation and at the initial liquid saturation, 
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and the absolute permeability, are the most important parameters for predicting well 
productivity in gas condensate reservoirs. 
In estimating oil recoveries from reservoirs containing highly volatile oils, it is 
important to include condensate that may be recovered from the gas produced from the 
reservoir. Cook et al. (195 1) suggested that recoverable hydrocarbon liquids can be 
estimated from possible recovery from processing gas in a natural-gasoline plant or 
field separators. He described estimating the volume of recoverable hydrocarbon liquid 
by summing the volume of stock-tank and volume of condensate recovered from 
produced gas. 
In this work a 2-D single well compositional well model with a4 stage separator was 
used to study factors affecting PI of a well producing volatile at flowing bottomhole 
pressure below the bubble point pressure. 
5.1 Improving recovery from volatile oil reservoirs 
5.1.1 Hydraulic Fractures 
Hydraulic fracturing is a common approach for improving productivity of oil and gas 
producing from damaged wells or wells producing from low-permeability reservoirs. 
Hydraulic fracturing involves pumping high pressure fluid into the formation to exceed 
the rock strength and open a fracture into the rock. The vertical fracture created is 
filled with propping agents to prevent the fracture from closing. 
Fractures can generally be defined as infinite or finite conductivity. Gringarten et al. 
(1974) developed the analytical solutions for fractured wells for the uniform flux and 
the infinite conductivities fractures. Gringarten el al. (1974) showed by numerical 
simulation that, in infinite conductivity fractures, the flux distribution changes after the 
early response, and reaches a stabilized profile along the fracture length. When the 
pressure gradient along a given fracture is significant, the finite conductivity fracture 
model must be used. Cinco-ley and Sarnaniego (198 1 a) presented a pressure type curve 
with dimensionless pressure PD as a flinction of dimensionless time tD., F for varying 
values of dimensionless fractured conductivity defined as 
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kf wf kIDWJD 
= kxf 
(5-5) 
They also presented a graph of dimensionless effective wellbore radius r,,,, Ixf versus 
dimensionless fracture conductivity and indicated that the infinite conductivity 
assumption is valid when the dimensionless fracture conductivity KtDwfD greater than 
300. For a fractured well, the following criteria are often used to estimate the 
effectiveness of a fracture treatment (Joshi, 1991): KfDWID <10 ineffective treatment; 
I 0< KfDwfD <50 effective treatment and KfDwfD >5 0 very effective treatment. 
Well test analysis can be used to describe fracture properties. Lee and Salter (1989) 
used post-fracture pressure transient analysis techniques for evaluation of fracture 
properties. They validated their result by production matching and suggested that 
future cumulative production for most of the studied wells in the reservoir could be 
further increased by improvement in the fracture conductivity. 
Valk6 and Economides (1998) introduced an optimisation technique using the fracture 
length and fracture conductivity to calculate an optimal dimensionless fracture 
conductivity at which productivity is maximised. 
The performance of fractured wells can be impaired by the condition of the proppants 
fracture permeability which is greatly affected by the packing of the proppants. The 
permeability, normal to the fracture face and extending to the reservoir can also be 
impaired, leading to reduction in the performance of fracture. This type of damage is 
called fracture-face damage. Cinco-Ley and Samaniego (1981b) introduced the 
concept of fracture face skin. They provided an expression of the fracture face skin 
effect that is added to the dimensionless pressure for the finite conductivity fracture 
performance: 
,, I., k Sfi; = 2xf 
(k, 
(5-6) 
where b, is the penetration of 
damage and k, is the darnaged permeability. 
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Wang et al. (2000) extended (5-6) to estimate the skin effect due to condensate 
blockage in hydraulically fractured wells: 
2x, krg 
(5-7) 
In this case, b, and kg are the radius and the gas relative permeability of the two phase 
region, respectively. 
Hashemi and Gringarten (2005) showed that performance improvement in gas 
condensate reservoirs with hydraulic fractures depends on facture length and fracture 
conductivity. Baig et al. (2005) investigated productivity of fractured and non- 
fractured wells in a lean/intermediate low permeability gas condensate reservoir. Their 
assessment showed that the length of the fracture controls the productivity of the gas 
condensate reservoirs. They showed further a long fracture yielding a high productivity 
improvement, despite low dimensionless fracture conductivity. 
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Figure 5-1 Relationship between fractured conductivity and wellbore radius for a finite 
conductivity fracture (Cinco-Ley and Samaniego, 1981a) 
5.1.2 Horizontal Wells 
The major purpose of a horizontal well is to enhance reservoir contact and thereby 
enhance well productivity. In general, a horizontal well is drilled parallel to the 
reservoir bedding plane (Joshi, 1991). One major disadvantage of horizontal wells is 
their cost. Typically, they cost about 1.4 to 3 times more than a vertical well, 
depending upon drilling method, completion technique and drilling experience in the 
given location (Joshi, 199 1). 
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Horizontal wells have been used in several applications, some of which include: in 
reservoirs with water and gas coning problem to minimize coning problems and 
enhance oil production (Cooper and Troncoso, 1986, Stramp, 1980); in high 
permeability gas reservoirs, with high near-wellbore gas velocity in vertical wells, 
horizontal wells can be used to reduce near wellbore velocity hence reducing 
turbulence and improving deliverability (Celier, 1989); in naturally fractured reservoirs 
to drain reservoirs effectively by intersecting fractures with horizontal wells 
(Sheikholeslami et al., 1990, Yost 11 et al., 1988); in low permeability gas reservoirs, to 
improve drainage area per well and reduce the number of wells that are required to 
drain the reservoir (Joshi, 1991); in thermal EOR projects to enhance productivity by 
providing a large reservoir contact area (Cline and Basham, 2002, Luo and Baker, 
2006, McKay et al., 2003). 
Rarely are horizontal wells truly horizontal; rather they wander up and down in the 
vertical plane. In low rates wells, well shape can have significant impact on well 
productivity, especially in multiphase flow (Joshi, 1991). 
Development of reservoirs has been improved in recent times by drilling horizontal 
wells. Villalba et al. (1996), using compositional reservoir simulation, showed that a 
mature volatile and condensate reservoirs could be revitalized using horizontal wells. 
In an infinite acting reservoir, a horizontal well is characterised by three typical 
regimes (Figure 5-2 to 5-5). The first is the radial flow regime in the vertical plane, the 
second is a linear flow regime which occurs when the upper and lower reservoir limits 
are reached and finally horizontal radial flow regime which flow lines converge from 
all reservoir directions towards the well. 
1 
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Figure 5-2 Vertical radial flow geometry in a horizontal well 
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Figure 5-3 Linear flow geometry in a horizontal well 
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Figure 5-4 Horizontal radial flow geometry in a horizontal well 
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Figure 5-5 Log-log plot for different flow regimes in a horizontal well 
Analytical well test solution for uniform flux and infinite conductivity horizontal well 
was derived by: Clonts and Ramey (1986); Davlau et al. (1988); Rosa and Carvalho 
(1989) using source and Green's functions. Goode and Thambynayagm (1987) and 
Kuchuck et al. (1991) applied Laplace and Fourier transform to obtain an analytical 
solution. 
The infinite conductivity horizontal well model assumes constant pressure along the 
wellbore. In general, pressure drop along the well length is very small and can be 
ignored. 
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However, under certain circumstances, such as those involving high flow rates of light 
oil (greater than 10,000stb/day) or flow of highly viscous crudes, it is possible to have 
a larger pressure drop in the wellbore (Joshi, 1991). 
Kuchuk (1995) presented the equation of the semi-log straight line for vertical radial 
flow regime equation: 
162.6qB, u kL 
- 
FL 
HV 
log 3 +4 H - . 23 + 0.87Sw -2 log 
14k 
(5-8) AP e 
2ýkvkHL[ OPC, r,, 2 
1" kv H 
The total skin factor STv for a uniform mechanical skin along the well length measured 
from early time radial flow analysis combines the wellbore mechanical skin factor Sw 
and Sm: 
4 (Vk- -v -1k 
m+ý 
fk-H-lkv 
ST,, 
= Sw + S,,,,, = Sw - In 2 
(5-9) 
During the linear flow regime, the pressure changes as the square root of the elapsed 
time: 
8.128qB 
kH + 
141 
- 
. 2qBp Sw + 
14'. 2qBu 
Sz AP =k 2Lh c 
kH 2-jvkm L kHh 
During the linear flow regime, the two skin effects S,, and Sz are additive, where Sz is 
the partial penetrating skin effect of horizontal well located at Zw in the formation 
thickness: 
vH 
Sz =-1.151 
Hh 
log[ nr* 
(1+FTk"-)sin L FkHv 
Lhh 
Using the well half-length as the reference for semi-log analysis of horizontal radial 
flow, Kuchuk et aL (1995) define the pseudo-radial flow from the reservoir as: 
Ap = 162.6 
qBp log 
kH At 
_ 2.53 
] I 
+ 
141.2qBu 
sw + 
141.2qBu S 
T - - kHh OUct L, z 2 ýk v 
kH L kHh 
(5-11) 
Where SzT is given by: 
S: 
T -, "2 Sz - 0.5 
k h, 
-, -Z. + (5-12) kv P3h h2 
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5.2 Well Test Analysis of Well-3 
Well-3 is located in a highly faulted sandstone reservoir in North Africa (Figure 5-6). 
A production test with flowing bottomhole pressure below the bubble point pressure 
was carried out. Depth corrected pressure rate history of Well-3 is shown in Figure 
5-7. Depth correction was necessary because the pressure gauge was placed above the 
top perforation. 
The Log-log pressure derivative plot with respect to build-up 170 (Figure 5-8) shows a 
composite behaviour due to mobility discontinuity when flowing bottomhole pressure 
falls below the bubble pressure of the fluid. 
A well test analysis match was obtained with wellbore storage and skin in an open 
rectangular reservoir (i. e., a channel bounded on one side) with a two-region radial 
composite behaviour (Figure 5-9). The reservoir boundary condition is consistent with 
the structural fault map obtained from seismic analysis (Figure 5-10). Initial reservoir 
pressure of 5197 psia was obtained from well test analysis is which is consistent with 
the value obtained from the fluid analysis report. 
Petrophysical and fluid properties of Well-3 are shown in Appendix F 
Well- 3 
line 
Figure 5-6 Seismic Structural Fault Map around Well-3 
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Figure 5-7 Pressure Rate History of Well-3 
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Figure 5-10 Comparison of seismic structural fault map and WTA boundary model 
5.3 Composition Simulation of Well-3 
Compositional reservoir simulation was carried out to model Well-3. Properties of the 
single-layered homogenous reservoir are presented in Table 5-1. 
Table 5-1 Reservoir model properties 
Parameter Value 
Porosity 0, % 13 
Absolute pen-neability k, mD 44 
Net to-Gross ratio N/G I 
Wellbore radius r,,, ft 0.16 
Top depth, ft 10,996 
Reservoir thickness, ft 29.53 
Reservoir temperature, OF 229 
Drainage area (acre) 1095 
Initial reservoir pressure Pi 5197 
5.3.1 Fluid Characterisation and modelling. 
The Modified Peng-Robinson EOS with 3 parameters was used for modelling PVT 
properties of the reservoir fluids. Regression was performed on the molecular weight 
(MW) of heavy components; critical pressure (P, ); critical temperature (Tj of the 
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pseudo-components; and binary interaction coefficient between light and heavy 
components. Appendix F-5 compares observed and simulated fluid experiments. The 
Lorentz- B ray-C lark correlation was used in modelling the viscosity of fluid sample 
from Well-3. 
5.3.2 Relative Permeability 
A Corey type relative permeability model was used to regenerate the relative 
permeability curves provided (Figure 5-11). The relative permeability curve (KI) has 
critical gas saturation (Sg, ) of 0.0, end point (maximum) gas relative permeability 
of 1, end point (maximum) oil relative permeability (K,,,,,, ) of 1, and connate 
water saturation (S,,,, ) of 0.4. 
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Figure 5-11 Relative permeability model used for compositional reservoir simulation of 
Well-3 
5.3.3 Velocity Dependence of Relative Permeability 
iteratively, Henderson's eight parameters that clefine Capillary Number (Henderson et 
al. 2000) were varied to get the best match on the simulated pressure history; log-log 
pressure change and derivative match if simulation with actual field data from Well-3 
(Figure 5-12 and 5-13), whereas the non-Darcy flow parameter (#) was estimated 
using Geertsma's relationship (Geerstma 1974). The parameters are listed and 
compared with values from a North Sea gas condensate in Appendix F-6. 
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There are 46 flow periods recorded during the main flow test, with a mean deviation of 
13% in recorded rate which is less than the minimum accuracy of most flow meters. 
Hence the analysis and verification of well test during production becomes impossible. 
Figure 5-14 compares estimated radius of discontinuous mobility (rl) from well test 
analysis with that from compositional well simulation, which also shows high 
shrinkage in oil below the bubble point pressure with saturation discontinuity at bubble 
point pressure. 
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Figure 5-12 Comparison of actual and simulated pressure history 
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Figure 5-13 Comparison of actual and simulated log-log pressure derivative plot for flow 
period 170. 
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Figure 5-14 Saturation profile at the end of drawdown showing saturation discontinuity 
5.4 Productivity of Well-3 
During the test production, about 48% draw down was observed during 50 days with 
average production rate of 760 STB/D. Due to varying rate and pressure, productivity 
of Well-3 was described using a transient PI. Figure 5-15 shows initial gradual decline 
in PI, with the rate of decline increasing severely when the flowing BHP falls below 
the bubble point pressure due to formation of high gas saturation around the wellbore 
hereby reducing ultimate recovery of the oil from the reservoir. 
The compositional reservoir model was used to study the effect of relative 
permeability, fluid composition and vertical hydraulic fracture on productivity of 
volatile oil reservoirs. 
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Figure 5-15 Transient PI of Well-3 during test production 
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5.5 Simulation of Well Deliverability in Volatile oil Reservoirs 
Corey's relationship was used to modify the relative pen-neability model KI to 
investigate the effect of relative permeability on well deliverability in volatile oil 
reservoirs. The first modified relative permeability model (k, ) was modeled by 
reducing the end point (maximum) gas and oil relative permeability curves from I to 
0.8, while keeping Sg,, S,,,, and K,, IK,,, ratio constant. The second modified relative 
permeability model (KO was modelled by reducing the end point (maximum) gas and 
oil relative permeability to 0.6, while keeping Sg,, S,,,, and K,, IK,, ratio constant. 
Figure 5-16 compares the relative permeability models. 
Two other volatile oil fluid models (Sample A and B) were used to investigate the 
effect of fluid composition on well deliverability in volatile oil reservoirs. The 
properties of these fluid samples are listed in Table 5-2. 
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Figure 5-16 Relative permeability models KI, K2 and K3 
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Table 5-2 Properties of fluid samples 
Fluid W3 Fluid A Fluid B 
Fluid type Highly Volatile Highly Volatile Moderately Volatile 
Pbub (psia) 4995 at 2290F 4475 at 1760F 4076 at 189'F 
R, 
(scf/bbl) 3,794 at 2290F 33,377 at 176'F 1,786 at 1890F 
Pi-Pbub 
(psia) 201 201 201 
Source North Africa Coats and Smart 1982 Western Siberia 
5.6 Vertical Hydraulic Fracture Model 
A totally penetrating vertical fracture was modelled to investigate the effect of 
fractures on well deliverability in volatile oil reservoirs. The fracture was positioned at 
the centre; symmetrical with respect to the well axis and parallel to the x direction. The 
fracture length was defined by varying cell thickness of 25ft to 0.1 ft in the x direction, 
with the smaller grid cells near the wellbore. The width of the fracture is I cm (0.0328 
ft ) throughout the entire length of the fracture. This size in practical sense is wide for 
fracture width. However, for stable reservoir simulation, this represents a reasonable 
size. The length of the fracture was kept at a 312 ft. Different values of fracture 
conductivity was modelled by varying the fracture permeability. Figure 5-17 and 5-18 
shows the match between the simulated response and analytical well test model for low 
and high conductivity fractures for 3 -day drawdown and build-up. 
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Figure 5-17 Validation of low conductivity fractured well numerical model with 
analytical solution 
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Figure 5-18 Validation of high conductivity fractured well numerical model with 
analytical solution 
5.7 Horizontal Well Modelling 
A single horizontal well was modelled to investigate the effect of horizontal well on 
deliverability of volatile oil reservoirs. The horizontal well was positioned at the centre 
of the reservoir and parallel to the x direction and perforated over its entire length, with 
grid size increasing logarithmically away from the well to allow accurate modelling of 
near-wellbore behaviour. The wellbore diameter of 0.16ft was used throughout the 
entire length of the well. Varying horizontal well length was modelled while keeping 
all reservoir dimensions constant. Figure 5-19 shows match between the simulated 
response and analytical well test model for a horizontal well of length of 1400ft for a 
duration of 3-day drawdown and build-up. 
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Figure 5-19 Validation of horizontal well model with analytical solution for horizontal 
well of length 1400ft 
Moshood Sanni I'M) 2008 
90 
Well Test Analysis in Volatile Oil Reservoirs 
5.8 Factors Affecting Well Deliverability in Volatile Oil Reservoirs 
A constant oil production rate of 500 stbl/d measured at final stage separator condition 
was simulated for 6 years with a four stage separator (to account for recovery of liquid 
hydrocarbon from the gas phase at surface condition. 
Simulation runs were designed to investigate the factors affecting the productivity of 
wells producing volatile oil when flowing bottornhole pressure falls below the bubble 
point pressure. They are defined by alphanumeric digits indicating the fluid samples 
(W3, A or B where W3 represent Well-3); the relative permeability models (KI, Ký,, or 
K3); vertical well condition (Fraci where i represent fracture conductivity, and 1=0 
represent unstimulated vertical well); horizontal well (Horzi where i represent well 
length in ft). 
5.8.1 Effect of Relative Permeability 
Figure 5-20 shows simulated pressure and rate history for unstimulated vertical well 
model with relative permeability model KI. Pressure drop increases due to decrease in 
end point of K, for constant K,., IKrg ratio (Figure 5-21), subsequently causing a 
decrease in PI through out the simulated production duration (Figure 5-22). The 
deliverability of volatile oil wells above and below bubble point pressure therefore 
depends on absolute value of K ....... and not K,, IKg ratio. 
CD 
CL 
---------- ---- --------------------------------------- .................... 
234 
Elapsed fime (years) 
Figure 5-20 Pressure history. Simulation run: W3-KI-Fraco 
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Figure 5-21 Effect of reducing endpoint relative permeability on pressure history. 
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Figure 5-22 Effect of reducing endpoint relative permeability on Pl. Simulation run: W3- 
KI-Fraco, W3-K2-Fraco and W3-K3-Fraco 
5.8.2 Effect of Fluid Composition 
Figure 5-23 compares the deliverability for different fluid samples with the most 
volatile fluid sample (W-3) having highest PI, followed by fluid A, then fluid B when 
flowing bottomhole pressure is above the bubble point pressure due to lower viscosity 
of highly volatile oil sample when compared with the less volatile oil. I lowever, below 
the bubble point pressure, effect of higher gas saturation in the high volatility oils 
causes a relatively larger reduction 
in the productivity than in the less volatile oil. 
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Above the bubble point pressure, productivity of volatile oil is controlled by viscosity. 
However, below the bubble point pressure productivity is controlled by fluid 
saturation. 
4 
I) 
Z 
0 
Above pb, Below pbw ý-Viscosity controls PI Saturation controls PI 
VV3 
Fluid A 
Fluid B 
0123456 
Time (years) 
Figure 5-23 Effect of fluid composition on P1. Simulation run: W3-KI-Fraco, A-KI-Fraco 
and B-KI-Fraco 
5.9 Using vertical hydraulic fractures to mitigate well deliverability 
decline in volatile oil reservoirs 
Figure 5-24 compares pressure history of the simulation model with a vertical 
hydraulic fracture of KtDWD =1 and that of an unstimulated vertical well. Reduction in 
pressure drop around the wellbore 
due to hydraulic fracture. subsequently causes delay 
in the time when the flowing bottomhole pressure falls below the bubble point 
pressure, hence improving well productivity when the well is initially producing above 
then subsequently below bubble point pressure (Figure 5-25). Figure 5-26 compares 
PI forecast for different values of modelled KfwDWD. PI increases with increasing 
KfWDWD until value of 50 where increase in KfwDWI) does not lead to significant 
increase in PI, this value defines the optimum KrWDWD value to improve productivity of 
the well. 
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Simulation result shows about 200% initial improvement in PI for Kt',, DWD =1 (when 
compared with unstimulated vertical well), with delay in flowing bottomhole pressure 
dropping below the bubble point pressure, then declines to about 35% at the end of 6 
years production (Figure 5-27). For optimum KfwDWD, which is 50, initial 
improvement of PI is about 400%, which declined to 40% at the end of 6 years 
production (Figure 5-28). 
When the reservoir is already producing below the bubble point pressure, the use of 
vertical hydraulic fractures to mitigate productivity decline due to the effect of high 
gas saturation created around the wellbore was investigated. Initial reservoir pressure 
was reduced to 4795 psi, which is 200 psi less than the reservoir fluid bubble point 
pressure. This corresponds to an initial well PI of 0.81 stb-D/psi (for an unstimulated 
vertical well) which is a 78% decrease in PI when compared with the model initially 
producing above the bubble point pressure. Figure 5-29 shows about 570% initial 
improvement in PI for KwDWD =50 (when compared with unstimulated vertical well) 
which continuously declines to about 40% at the end of 6 years production. 
Hydraulic fractures can be used to mitigate productivity decline even when reservoir is 
already producing below the bubble point pressure. 
a) 
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tL 
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Figure 5-24 Effect of hydraulic fracture on pressure history. Simulation run: W3-Kl- 
Fraco and W3-KI-Frac, 
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Figure 5-27 Improving productivity of volatile oil with vertical hydraulic fracture. 
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Figure 5-29 Improving productivity with hydraulic fracture for well already producing 
below bubble point pressure. Simulation run: W3-KI-Fraco and W3-KI-Frac, 
5.10 Using horizontal wells to mitigate well deliverability decline in 
volatile oil reservoirs 
Figure 5-30 compares pressure history of the simulation model with a horizontal well 
with length 200ft and that with an unstimulated vertical well. Reduction in pressure 
drop around the wellbore due to increased reservoir-well contact area causes a delay in 
the time when the flowing bottomhole pressure falls below the bubble point pressure, 
hence improving ultimate recovery when the well is initially producing above then 
subsequently below bubble point pressure. 
Simulation result shows about 1200% initial improvement in PI for [, =200ft (when 
compared with unstimulated vertical well), with delay in flowing bottomhole pressure 
droping below the bubble point pressure, then declines to about 128% at the end of 6 
years production (Figure 5-31). 
Figure 5-32 compares PI improvement forecast for different values of modelled 
horizontal well length: 200ft, 3281 ft (I km) and 6561 ft (2krn). The PI increases with 
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increasing horizontal well length. The optimum horizontal well length for productivity 
enhancement can only be constrained by economics and horizontal well tubing intake 
limits. 
When the reservoir is already producing below the bubble point pressure, the use of 
horizontal wells to mitigate the productivity decline due to the effect of high gas 
saturation created around the wellbore was also investigated. Initial reservoir was 
reduced to 4795 psi which is 200 psi less than the reservoir fluid bubble point pressure. 
This corresponds to an initial well PI of 0.81 stb-D/psi (for an unstimulated vertical 
well) which is a 78% decrease in PI when compared with the model initially producing 
above the bubble point pressure. Figure 5-33 shows about 1500% initial improvement 
in PI for horizontal well length of 200ft (when compared with unstimulated vertical 
well) which continuously declines to about 148% at the end of 6 years production. 
Horizontal wells can also be used to mitigate productivity decline even when reservoir 
is already producing below the bubble point pressure. 
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Figure 5-30 Effect of horizontal well on pressure history. Simulation run: W3-KI-Frac, ) 
andW3-KI-HorZ2000 
Moshood Sanni PhD 2008 
98 
Well Test Analysis in Volatile Oil Reservoirs 
70 
x 
(D 60 
-0- 50 
40 
30 
20 
10 
UnstimLlated Vertical Well 
Delay in p, failing below Pbub 
Horizontal Well (L=2000ft) 
34 
Time (years) 
_1,200 -0 
- 
-1,000 
a- ý C: 
a) 800 E 
co 600 
0 8 400 CL 
200 
56 
About 1200% initial increase in PI 
128% increase in PI at 
end of 6 years production 
Corresponding increase in. PI 
Horizontai, Well (L=2000ft) 
023456 
Time (years) 
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Figure 5-33 Improving productivity with horizontal well for well already producing 
below bubble point pressure. Simulation run: W3-KI-Fraco and W3-KI-HorZ2000 
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CHAPTER 6 
CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
Continuous pressure monitoring with permanent downhole gauges is very important in 
volatile oil reservoirs, considering the severe impairment to flow which may occur if 
flowing bottornhole pressure falls below the bubble point pressure. 
This chapter presents the conclusions drawn from this project. It consists of 
conclusions made from: "Well Test Analysis of Volatile Oil Reservoirs" and "Well 
Deliverability Forecasting in Volatile Oil Reservoirs". 
Recommendations for future work were also summarised. 
6.1.1 Well Test Analysis of Volatile Oil Reservoirs 
The objective of "Well Test Analysis of Volatile Oil Reservoirs" was to identify 
typical well test behaviours in volatile oil reservoirs below the bubble point pressure. 
Currently, the only way to predict volatile oil well test behaviour for a specific well 
and reservoir is via numerical simulation. 
It was found that, when the bottomhole pressure falls below the bubble point pressure 
during a drawdown, a high gas saturation zone is created around the wellbore with 
two-phase (oil and gas) flow, whereas single phase (oil) with the initial gas saturation 
remains away from the wellbore. During the subsequent build-up, the gas created 
around the wellbore during the preceding drawdown condenses into the oil and the 
saturation in the near-wellbore region returns to the initial gas saturation. 
The impainnent to flow due to the high gas saturation zone around the wellbore when 
the bottomhole pressure is below the bubble point pressure can be seen as a mobility 
contrast in well test analysis. The log-log pressure-derivative behaviours below the 
bubble point therefore correspond to a two-zone radial composite model, with 
decreasing mobility during drawdowns and increasing mobilities during build-ups. The 
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log-log pressure derivative plot of the build-up reflects the oil mobility distribution in 
the reservoir at the end of the preceding drawdown. 
High volatility oils have higher mobilities than less volatile oils above the bubble point 
pressure. However, higher gas saturation below bubble point pressure causes relatively 
larger mobility reductions for the more volatile oils. 
6.1.2 Well Deliverability Forecasting in Volatile Oil Reservoirs 
The objective of "Well Deliverability Forecasting in Volatile Oil Reservoirs" was to 
identify factors affecting well deliverability in volatile oil reservoirs producing at 
flowing bottomhole pressure below bubble point pressure, and methods of mitigating 
well productivity decline due "gas blockage". 
End point relative permeability of the oil phase and fluid composition are the most 
important factors affecting well productivity of volatile oil reservoirs producing below 
bubble point pressure. 
Highly volatile oil reservoirs have higher productivity indices than low volatility oil 
reservoirs when producing above the fluid bubble point pressure. However, the effect 
of high gas saturation below bubble point pressure causes a relatively larger reduction 
in the productivity index of the highly volatile oil reservoirs than the less volatile oil 
reservoirs. 
Vertical hydraulic fractures and horizontal wells can be used to improve well 
productivity in volatile oil reservoirs, even when reservoir is already producing below 
the bubble point pressure. 
Vertical hydraulic fractures and horizontal wells should be implemented early in the 
wells life to delay the time when the flowing bottomhole pressure drops below the 
bubble point pressure, which consequently leads to improved recovery. 
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The optimum choice between hydraulically fractured vertical wells and horizontal well 
can only be made from economic analysis. 
6.2 Recommendation for Future Work 
Determining the principal integral pseudo-pressure transformation that will linearise 
the diffusivity equation for volatile oil reservoir producing below bubble point 
pressure. 
Carrying out laboratory experiments to estimate the correct values of parameters which 
defines the capillary number (N, ) and non-Darcy (8) effect in volatile oil reservoirs. 
Designing multi-rate well tests below the bubble point pressure in volatile oil 
reservoirs in order to study the contribution of non-Darcy (, 8) and No effects to the total 
skin during two-phase flow. 
Including wellbore dynamics into productivity forecasts. Since optimum deliverability 
of a well is constrained by the capacity of the well tubing to deliver produced reservoir 
fluid to the surface. 
Carrying out analysis on more well test data from volatile oil reservoirs. 
Investigate the behaviour of the GOR and whether it can be used to history match the 
relative permeability end points. 
Attempt to generalise the findings regarding well performance with a view to 
providing a simple method to predict productivity as a 
function of well, reservoir and 
fluid type. 
Investigate whether the findings for volatile oils apply also to heavier oils in this case. 
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APPENDIXA 
A-1 Composition of fluid sample A 
Components Fraction 
_ C02 0.009 
N2 0.003 
cl 0.5347 
C2 0.1146 
C3 0.0879 
C4 0.0456 
C5 0.0209 
C6 0.0151 
C7+ 0.1692 
-M+ 
173 
(+ 0.83648 
A-2 Constant Composition Experiment (CCE) of fluid sample A at 176 'F 
Pressure (psig) Relative vol. 
6000 0.9589 
5500 0.9700 
5000 0.9827 
4900 0.9856 
4800 0.9883 
4700 0.9919 
4600 0.9951 
4500 0.9984 
4460 1.0000 
4443 1.0009 
4305 1.0097 
3900 1.0412 
3531 1.0812 
3132 1.1425 
2769 1.2232 
2422 1.3356 
2128 1.4738 
1880 1.6384 
1660 1.8415 
1351 2.2768 
1061 2.9892 
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A-3 Constant Volume Depletion (CVD) for fluid sample A at 176 T 
Pressure (psig) Vapour Z-factor Moles recover 
4460 0.0000 
3600 0.798 0.0754 
2800 0.783 0.1793 
2000 0.788 0.3237 
1200 0.843 0.4991 
600 0.913 0.6397 
A-4 Differential Liberation (DL) Experiment at 176 OF 
Pressure 
(psig) 
Oil rel. 
Vol. 
Gas-Oil 
Ratio 
(Mscf /stb) 
Vapor Z- 
factor 
Oil 
visc. 
(cp) 
Gas 
visc. 
(cp) 
Liquid 
density 
(lb /ftA3) 
Gas 
gravity 
4460 2.921 3.377 0.228 0.0000 33.087 
4000 2.343 2.351 0.825 0.290 0.0383 35.159 1.025 
3492 2.059 1.814 0.788 0.338 0.0327 36.726 0.932 
3003 1.886 1.471 0.772 0.380 0.0280 37.969 0.858 
2514 1.756 1.205 0.773 0.440 0.0239 39.092 0.821 
2004 1.645 0.970 0.790 0.515 0.0202 40.185 0.799 
1534 1.550 0.775 0.816 0.602 0.0171 41.140 0.806 
1001 1.464 0.573 0.856 0.748 0.0140 42.151 0.826 
505 1.372 0.383 0.912 0.0120 43.325 0.888 
209 1.298 0.245 0.958 0.0114 44.230 1.067 
0 1.057 0.000 0.995 1.547 0.0109 48.775 1.767 
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A-5 Separator Test for fluid sample A 
Sa, varatorl 
Gas-Oil 
Temperature Pressure Liquid densi Vapor Mol. Ratio (Mscf 
(F) (psig) (lb /ft ) Wght. /stb) 
60 300 20.68 1.597 
60 0 50.754 0.275 
STVF 2.115 
Separator2 
Gas-Oil 
Temperature Pressure Liquid densi Vapor Mol. Ratio (Mscf 
(F)_ (psig) (lb /ft ) Wght. /stb) 
60 50 23.32 1.993 
60 0 51.129 0.068 
STVF 2.172 
A-6 Fluid Density at Bubble Point Pressure 
Sat. pressure (psig) Liquid density (lb/fP) 
4460 33.01 
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A-7 Match of Tuning Experiment for Fluid Sample A 
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Figure A-7-2 CVD for Moles Recover Fluid A Figure A-7-1 CCE for Relative Volume Fluid A 
Figure A-7-3 CVD for Vap Z Factor Fluid A Figure A-7-4 DIL for Oil Relative Vol. Fluid A 
Figure A-7-5 DIL for GOR Fluid A Figure A-7-6 DL for Liquid Viscosity. Fluid A 
Figure A-7-7 DL for Liquid density Fluid A 
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A-8 Composition of fluid sample B 
Composition Fraction 
N2 0.0087 
Co2 0.0016 
H2S 0.0000 
cl 0.4943 
C2 0.0728 
C3 0.0802 
IC4 0.0231 
NC4 0.0361 
IC5 0.0180 
NC5 0.0179 
C6 0.0232 
C7+ 0.2241 
SG @ 60 T 0.8479 
'API @60T 35.4 
Molecular Weight 215.0 
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A-12 Differential Liberation Experiment for fluid sample at 1890F 
Pressure 
(Psia) 
Formation 
Volume factor' 
(Bj 
Solution 
Gas-Oil Ratio 2 
(Scf/stb) 
5000 1.733 
4700 1.743 
4500 1.751 
4300 1.759 
+4076 1.767 1428 
3700 1.637 1218 
3300 1.538 998 
2900 1.460 838 
2500 1.391 696 
2100 1.331 570 
1700 1.277 454 
1300 1.226 346 
900 1.177 241 
500 1.124 134 
100 1.031 35 
15 1.000 0 
+ Reservoir pressure and bubble point pressure 
'Bo = BonlBwb -Bod 
21; t, = R,, p-(RL), tBofb/Bwb 
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A-13 Separator Test Experiment for fluid sample B 
Separator Stage 10 
Pressure (Psig) 265 0 
Temperature ('F) 72 72 
Gas-Oil Ratio (cfb)' 1212 216 
Gas Specific Gravity (Air = 1.0000) 0.7113 1.3848 
Component 
- 
Mole % Mole % 
Nitrogen 1.08 0.07 
Carbon Dioxide 0.23 0.22 
Hydrogen Sulfide 0.00 0.00 
Methane 80.34 24.62 
Ethane 9.26 16.98 
PropaNe 6.32 31.41 
i-Butane 1.03 8.45 
n-Butane 1.15 11.20 
i-Pentane 0.24 2.85 
n-Pentane 0.17 2.08 
Hexanes 0.09 1.10 
Heptanes Plus 0.09 1.02 
TOTAL 100.00 100.00 
Total Gas-Oil Ratio (cfb) .................................................. 1428 
Stock Tank Oil Gravity (oAPI @60'F) ................................... 41.3 
Bubble Point Formation Volume Factor (VbpNsto)2 ................. 1.767 
'Gas-oil ratio in cubic feet of gas at 14.7 psia and 60T per barrel of stock tank oil at 
60T 
213arrels of bubble point at 4076 psia and 189T per barrel of stock tank 
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A-14 Match of Tuning Experiment for Fluid 
Figure A-7-1 DL for GAS FVF Fluid B 
Moshood Sanni 
'00 
Figure A-14-2 CCE for Relative Vol. Fluid B 
Figure A- 14-2 DL for Gas Gravity Fluid B 
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Figure A- 14-1 CCE for Oil Viscosity Fluid B 
Figure A- 14-2 DL for GOR Fluid B 
imple B 
Figure A-14-1 DL for Liquid Density Fluid B 
Figure A- 14-1 DIL for Oil Rel. Volume Fluid B 
Well Test Analysis in Volatile Oil Reservoirs 
A-15 Sensitivity Analysis on Grid Size 
104 
103 
Grid size=a 
ý bn) 
Reservoir extent of 12,000ft 
Where n is gnd number 
close 5 Gnd i: a =0.12, &0 25 
0 Gnd 2: a =0 08, &0 26 CD II 
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APPENDIX B 
B-1 Eclipse 300 Simulation Data File for run A-KI-No-Do 
Title Well Test Analysis in Volatile Oil Reservoir 
Fuid Sample A Table I, Oil 2, "Application of a regression- 
Viscosity Model Lorentz-Bray-Clark Viscosity Correlation 
Date: January 16,2006 
Resrvoir Temperature: 176 OF 
Fluid Bubble Point: 4475 Psia 
- Initial Reservoir Pressure: 5260 Psia (difference of 785 with Pbub) 
- Radial Reservoir with radius of 12,000ft, permeability of I OmD, Porosity of 15% 
- Eclipse 300 Simulation using 3-Parameter Peng Robison Equation of State 
RUNSPEC 
-NOSIM 
FORMOPTS 
HCSCAL/ 
DIMENS 
Grid Dimensions 
R, THT, Z 
40 1 1/ 
-- Phases Present 
OIL 
WATER 
GAS 
RADIAL 
-VELDEP 
-1101/ 
- Units 
FIELD 
EOS 
PR3 
PRCORR 
-- Number of Components 
COMPS 
9/ 
- one stauration and PVT tables with 55 sat and pressure nodes I FIP region 
TABDIMS 
1 15555 1/ 
EQLDIMS 
15555 1551 
WELLDIMS 
I l* 151 
UNIFIN 
UNIFOUT 
UNIFSAVE 
START 
01 JAN 2006 
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GRID 
INIT 
ECHO 
- Inner radius ft 
INRAD 
0.2/ 
- Vector of cell dimensions in R-direction 
DRV 
0.1 0.15 0.2 0.25 0.3 
0.35 0.4 0.45 0.7 1 
1.25 1.8 2.35 3.7 5 
79 11 13 15 
17 34 50 66 82 
98 114 130 146 161.8 
200 400 500 798 900 
1000 1500 1800 1930 2000 
Vector of cell dimensions in TI-IT-direction 
DTHETAV 
360/ 
- Dimensions of cells in Z-direction 100 ft 
DZV 
- Top of reservoir is at 10,000 R 
EQUALS 
TOPS 10000/ 
PERMR 10/ 
PORO 0.15 
RPTGRID 
COPY 
PERMR PERMZ 
MULTIPLY 
PERMZ 0.1 / 
PROPS 
INCLUDE 
FLUIDA. PVO/ 
- Avg density at surface condition (14.7 psia) 
DENSITY 
I* 63.100 1* 
--INCLUDE 
-VELDEPPARA. txt Watcr PVT Properties 
Ref Pres Ref FVF Compressibility Visc. Viscosibility 
PVTW 
14.7 1 2.7c-06 0.3 0 
- Rock Compressibility 
ROCK 
14.7 3.402e-6 
-Relative permeability and capillary pressure data 
-Water Relative Permeability 
SWOF 
-SW KRW KROW PCOW 
0.15 0 0.95 0 
1100 
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-Gas to Oil Relative Pemeability 
INCLUDE 
OilGasRelPerm. txt 
REGIONS 
RPTREGS 
SOLUTION 
-- Mid depth = 10,050 ft, and WOC at 10,100 ft 
EQUIL 
10050 5259.8 10100 0.0 8000 0 3* 1 
FIELDSEP 
172 114.7 20/ 
27259.7 30/ 
37224.7 20/ 
47214.7 20/ 
OUTSOL 
RPTSOL 
PRESSURE SWAT SOIL SGAS PSAT PBUB XMF YMF 
SUMMARY 
WBHP 
WOPR 
WGPR 
WWPR 
SCHEDULE 
RPTPRINT 
7*0 15*01 
RPTSCHED 
TOTCOMP/ 
OUTSOL 
TOTCOMP/ 
RUNSUM 
- Defining wells 
- Surface Separator Conditions 
SEPCOND 
SEPI GI 1 72 114.7 20 
SEPI GI 2 72 59.7 30 
SEPI GI 3 72 24.7 40 
SEPI GI 4 72 14.7 00 
WELSPECS 
-- well group XY 1311-Dept phase others 
Prod 10 111 10050 OIL/ 
Well Completion Data 
COMPDAT 
- Name IJ K-up, K-low flow-cond sat-table trans Dwell Eff-Kh skin D-factor Penetration 
prodl IIII OPEN 2* .2 1* 0/ 
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WSEPCOND 
Prod I SEP I/ 
IDD 
WELLPROD 
- Name mode cntri ORAT and others (BHP 20 psia) 
Prodl OILIOO03*20/ 
INCLUDE 
TIMESTEP3DAYS. txt 
-- 2BU 
WELLPROD 
- Name mode cntri ORAT and others (BHP 20 psia) 
Prodl OIL03*20/ 
INCLUDE 
TIMESTEP3DAYS. txt 
- 3DD 
WELLPROD 
- Name mode cntrl ORAT and others (BRP 20 psia) 
Prod I OIL 2300 3*20/ 
INCLUDE 
TIMESTEP5DAYS. Lxt 
-4BU 
WELLPROD 
- Name mode cntrI ORAT and others (BHP 20 psia) 
Prodl OIL 0 3* 20 
INCLUDE 
TIMESTEP5DAYS. txt 
.- 5DD 
WELLPROD 
- Name mode cntrl ORAT and others (BHP 20 psia) 
Prodl OIL 2700 3* 20 
INCLUDE 
TIMESTEP5DAYS. txt 
- 6BU 
WELLPROD 
- Name mode cntrl ORAT and others (BIIP 20 psia) 
Prodl OIL03*20/ 
INCLUDE 
TIMESTEP5DAYS. txt 
END 
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B-2 Time Step for 3 Days 
TUNING 
1.1 574E-6 1.1574E- 1 1.1574E-7 I*1.10.5 
. -TSCRIT 
--0.25 0.000001 0.0000 10 
TSTEP 
- LOG INCREASE IN TIME STEP 
1. OOE-06 49* 1.83673469387755E-07 
05 49* 1.836734693 87755E-04 
49*1.83673469387755E-03 49*1.83673469387755E-02 
01 
49*1.83673469387755E-06 49*1.83673469387755E- 
10*1.83673469387755E-01 1.63265306122451000E. 
B-3 Time Step for 5 Days 
TUNING 
1.1574E-6 1.1574E- 1 1.1 574E-7 I*1.10.5 
-TSCRIT 
-0.250.000001 0.000010/ 
TSTEP 
- LOG INCREASE IN TIME STEP 
1. OOE-06 49* 1.83673469387755E-07 
05 49* 1.83673469387755E-04 
49*1.83673469387755E-03 49*1.83673469387755E-02 
01 
49*1.83673469387755E-06 49*1.83673469387755E. 
21*1.83673469387755E-01 1.428571428571460OOE- 
Moshood Sanni PhD 2008 
136 
C 
0 
0 
0 
. tA 
,a 
x 
le 
I u 
_B 
Ln 
z; z 
ci 
ch 
1C3 
=9 
U, 
U 
00 
0 En 
. ýj 
=00 
(D 
I-. ç) 
Im. P. 
V 
C,, 
C,, 01) 
ýo ý-o r- Cl 'Rt t- t- tn 00 C) "'t - tý 
ýo 00 tel W., r4 C*q V's ;s 00 -tr ý=) - -T 
tn a, c) ýT (D - '11* in ") 411 CD Cý C7% tn r- c) -T - C) --T r- C) en ýo 00 
0- C-4 :r W-1 r, (2% 00- 
occ(D4D<DO 
eq ý'o ýr -'T r- -T q-T 00 %0 %o en - 
r4 cq en CD C'j en - -1 m en 
ýc r4 cq -tr ww C* co 00 00 
. I. W-j r- 00 00 00 (7, C*, ON (7, ON Cý 0, 
00 CD 4= C> CD Q (D 0 
-t o r- rl r- r- e %0 00 --%, 0 00 
le r4 CD ýo r- rn (4 r4 - (D (Y, cý M cý (D ý. 0 (Z -m- %m r- 00 00 00 C: ) 
CD 0 c> CD (5 CD c> d c; cý cý 0 
tn (11 en f- C14 :; eq %o -I- eq ýr 00 %. D en ;; 00 
10 1. c. 4 00 00 00 
I- C', ", "I' 
rý r- '. 0 %. o %, o ýo ýo kn wl W. ) %n W-1 W-) 
0 (D Ch <Z CD CD 00 (D 0 CD C> CD 
all rq 00 CYN 
(D r- 00 " r- r- C> "M fIn 
ti CD r1: li 'Im fi fi 
. 
ti 
. 
ri N 
.00 CD CD (D (D (D CD 00 
W11 t^ r- eq 00 - . 1, r- - (14 oll r- C%l 
tn 00 en m- tn cr, r'l W. ) ýo CD C> -I- 
N C, 4 ('4 C14 10 en ýo t'- C7, Z; a %o 00 
rlý 09 Cý Cý .qq ---- cli C4 C4 C14 
rý (7ý 11 - tn r, % tn r- t- t.. 
oo m kn fn 00 r- "a en ON 
1ý0 C> Oll all as en 4D - ýo t^ cy" en 
w! r-: cs eq W-1 t- r- 00 00 00 as 
t- r- r- t- rý r- r- r4 00 00 r- 00 00 
fý; oý vý oý öý c06 ri oý -l+ %g lý cý rl -- Ilt 2; ri (> 00 " CD Vlb (D 
rq KA 0 Vb vi rg me 4n %A %0 
ýN r11 MMMMmmM m 
It --Ný- 
en 6 
0 tn 0 
en ef) en en en V) 
%b to 
r3 
;Z 
0. 
I 
r- 
CK 
U 
0 
OU cd 
CA 
cz 
(L) 0 CZ u 
> rA 
0 
Ar c2. 
- C) 
P. P. 
2 
I, 
eM 
cn Itr 3 00 C) N 110 r- rn en Cý cn co a, ON C) 40 
., t 2; - 
r- Ch f- ; 0. 
cr, ý. o rq ON ON CD g :n (11 (4 
Cý tn 00 
2 ýo C> C> r- on en en W') W11 VII 
"T 00 (-3 V-) 00 C'4 kD C> 00 rn -- 
C-4 c! 
ri en Cl Cl "t q: RT w! 'I "R 'R 0ý 09 
(7s %0 en C4 10 %-o M tý ý; qIT %. 0 r- rý tý ýý 
C-4 C*4 (14 00 - 
:3 
r- C) a, 00 r- ý. o Rn - 
00 00 C)ý, 00 r- 00 00 r- r- r- t- t- r- 00 
Cý Cý (=; cý Cý, aý Cý (: ý ON Qý Cý Cý (: ý cý 6 (= cý CD CD C5 CD C> 40 C) CD 000 
M V'b cý ;; 3z U't rý 
%M C) ýlo 00 CD 
C) C) 
cý gý cý Qý Cý cý 
00 m %0 \o m v% r- (: (7,00 p (-b c> cý 
en 00 %. 0 m (Y, r- -e v) r, 1 oý %D m ein 
r- r- vb vi qrb ýt e rn r) m q-% 
vý 41 '11 d c; vi n '! wi n vi iA wi d CD CD CD 0 CD 00QQ (D CD CD CD 
ý -1- 00 m c> ý, 0 vi m C-4 m Vlb 00 Z; " ;ý ;ý 
- rq (> -t ON 
4 
oý ;30 v', 
c, 1 Cý w% VI n ri cl! . -: -: -: -: , =; CD CD <D 0 CD c> c:, (D (D Q000 CD CD (D 
%, 0 «e vý f4 ;Z CN %D me rý = %, 0 00 00 - wl v-, r- m CD 22 ri 00 r, 4 e vý IN . ri fli Ilý 111: . %9 %e r4 cq r-1 m r4 r-1 ri N r4 r4 r, 4 C-4 r-1 c4 
ON (71 qT a en C*l Vlb I-T 0ý 0411 I'D r- In OA 00 00 r- ON Rt Ol m tn en IRT a0 VII ýo V) 00 00 
00 en 00 - C) in I-T 00 w) C4 0 00 ý. o Vj VI Cj eq qR C4 r! Ci el el w! "R IR 09 13ý Cý Cý 
C-4 C-4 C4 t4 CIS (4 eq NNN C14 N en ef) 
01 ol C'R OR oq C-: *I al ()q 01 01 01 ol W, 
0,4 q, ". (7, r C7, a ". as -T (7, 'T *: rý cq 00 en G -T W) ;; 10 N t- en t- 00 00 ON CD ell m en :; 
mm en en en en "-T qýT qýr 
:; 
.r IT It I-T 
-: -: -ý --: -- 
g=> -- -i -: -: -: -: - V'e 0 vý c; 0 v-, (D vi (S t'ý `o 
rn c> c> V-b 
CD (D r-1 
ee -e e 
qu to ra 
Z 
Z 
:3 
. 
Z: 
IE 
0. 
I 
00 
I 
I 
0 C14 
" 
0 C4 
%n 
C) 
C-4 
W'l 
40 
r4 
W) 
(D 
r4 
tn 
0 
C14 
kn 
(= 
. 
W) 
<D 
. 
" 
4D 
. 
4n 
C> 
C11 
tn 
(D 
(14 
tn 
C) 
ell 
tn 
C) 
eq 
tn 
0 
C4 
tn 
00 00 00 00 ;, a ; 0" ; 0" ;; ;; ;o ;; 
C-i C'i C'i Cý C-i C-i (-i C-i Cý C'i Cý C'i Cl 
- - - - - - - - - - - - - - 
0 
Cd !o - 
cl, r4 
a, 
cn 
C, tn 'o Q. ;z 
00 C-4 g m m g "t 'n 
cr 
&. 
lp, (A 
In (1 
- 
W) 
m 
1 
0 
ýo en tn 
C5 
(7, 10 
c, 
00 r- 
0 
r- Go en 
-1 
(=) 
-, n (71 en 
W) 
0 
qT 
V" 
C5 
qT 
W) 
c; 
qT 
W" 
6 
as C*4 IT 
Vi 
c 
r- en -T 
Wi 
o 
%0 -! t -T 
Vi 
0 
't VII qT 
W) 
(D 
Cl 1ý0 -Ir 
Wi 
(D 
. 14 > . 14 0 
9: 6 
C)N 
en 
%n 
6 
en 
Wb 
tn 
C5 
t- 
ýo 
vi 
c) 
C4 
00 
qn 
6 
ýo ON 
kn 
40 
G tn 
cl 
40 
ON 
M 
CD 
'IT 
"'1 
%0 
= 
00 
10 
NO 
cz 
4-11 
00 
%0 
C) 
r- 
ON 
C) 
N 
0 CD 
u 
d. 
t 
4. 
- 4LP 
- .:: - 5 
-0 
(ýi -ý: % 
.0 
rý 
r- 
Cý 
eq 
en 3 
. 
(4 
r- 
00 
en C! 
eq 
en 
-T en 
.q 
C-4 
en 
%. D 
Ci 
co 
wl 
C-1 
SR 
rq 
tz 
- 
N 
Iýq 
N 
;t 
Iýq 
N 
-! r 
14R 
N 
I-T 
ON 
CD 
Iýq 
N 
qT 
tn 
CD 
"R 
N 
W) 
- 
CD 
"R 
N 
t- 
r- 
(7, 
W) 
N 
47ý 
en 
ON 
n 
ell 
t: 0 > go 
Its 
00 C, 4 
00 
00 
C-1 0 
00 
00 
C-4 
C) 
00 
00 
C'l 
CD 
00 
00 
(-I 
<D 
ei 
00 
00 
r-I 
00 
00 
(-4 
00 
00 
C-1 0 
vi 
00 
00 
(-I 0 
ri 
00 
00 
C-1 
00 
00 (-I 
ri 
00 
00 f-4 
eý 
00 
00 
cq 
0 
e; 
00 
00 
4-1 
C) 
C.; 
A 
13" 
CA. 
Itr 
wl, 
00 
0, 
kn 
00 
W) 
%0 
00 
a 
r- 
00 
r- 
00 
00 
00 
tý 
00 
00 
(*4 
ON 
co 
00 
ON 
00 
en 
C) 
00 
CN 
(D 
00 
IRT 
;; 
00 
ell 
00 
W) 
cl 
CA 
&. CA 
J2. 
Q 
ru 
4) 
0 
en 
V) 
-T 
wl 
C-0 
V) 
IT 
C) 
G 
I-T 
W) 
CY, 
ýo 
Tr 
C> 
ul 
r- 
Rt 
kn 
0 
00 
IT 
<D 
%0 
00 
IT 
wlý 
GZ 
IRT 
C) 
f- 
ON 
IT 
W) 
cli 
4D 
W) 
Cý 
co 
CD 
Vi 
tn 
m 
- 
%n 
<D 
0% 
- 
V) 
in 
It 
r4 
Vi 
00 
-E 0 S. -; i 
In. 0. 
Oo 
8 
CS 
Ll 
16. 
Q 
0- 
9 
Qw 
(1) %0 ein %0 %, 0 f4 " :4r. C> -" 
00 ON 00 r- r- ,0 00 
- 
%0 ýo r- r- 
00 elb r- rý V% M Z- 
ýE v% Ilt N li -: -: > 0 <D CD (0 c> CD 0 CD CD c; 
v2 
CD ý. 0 "m 00 v-& m 
4-b - 00 00 - rm 
eg CY' CYN c> r4 " 
00 r- 00 00 00 00 Co 00 00 00 
c; c; cý cý cý c; cý cý cý cý 
V% vý V% %0 ein %D 
> 00 (4 m- Vi m- V'b (D 
%0 r- c> r- r- mg r4 CN rm rm vi 
CZ (D (=) CD, cz CD Q0 (D Q (Z (D 
ci 
0 
%0 rq r- (> " (b C> 9 (> C: ) C: ) - 
ci 
E:: rq 00 rn %0 (D le " r- - trb 
rm 10 (D r4 m rm M er " vi An 
CD CD CD CD 0 (D (D 0 (D CD C) (D (D 
v, b e r- Vlb 00 C, 4 ýo Vlb CD YD CD V% 83 (D r- r- 00 00 all Cl% 
ri f4 ri f4 (11 
99 cý c: ý c:! l:! C! Cý 
CD CD CD 0 CD CD CD 
JA 
92. 
CL. Z, (7, cý V'b " ;; t- ;; CD t- cý ;g v*I (> r- 00 
r4 gt r- CD CD 00 00 CD - Mý tdl 
m 0', r- 00 r- - vi cý t- Zo vi V) " rm r-i 
CD CD C CD CD CD CD CD CD 
0 CD 00ýM t- 00 CYN (D -" en " 
(D (D --m f4 r-) r-4 (-i 
CD (D 000 CD CD CD <D 
cý c; c; 
0 VI 0 Ki r- A" ýe aN wý 0 ein t fl VI V-b %0 r- 
rm m 
1-ý 
t) 
to 
. 
c: 
00 
8 C4 
0 
C) 
r- 
2- 
Z: 
.E 
Z 
u 03 
> 
0 
cn 
0 
U 
I 
Co 
CL 
LL. 
ý IR, LIZ 
r- 0 Iýt %-o I-T I- Cl) ON %C Iýt rn en en 
r- 00 00 W*b cli ON C) C) - C14 en "T 00 
cq - C4 Cli ('4 "" CII - 
0 CD C) C) CD C> C) (D C> 4m, 
C5 6 cý C> CD cý Cý 00 (D o 4D CD 
CA, %. 0 4 IT C) t- CD wl ý 00 f- 00 0 00 
110 CD 00 qlT 10 - kA <D 'IT ON -It CD en 
"T tn tn in Z ,5 r- r- 00 00 00 C7, CD c> 
00 00 00 00 00 00 00 00 00 00 00 00 as ch 
d c5 ci o c> CD (D 000 c> (D (D <D 
00 %0 r- (71 tl% CN 00 (> f-1 (D C> m (D 00 
le C> le (> r- (D %0 ri 0% 10 m C) 00 m 
kn v, % %0 ýo r- 00 00 cý a', (D - f4 
00 00 00 00 00 00 C>o 00 00 ON (DN 0" 
c=; d c; cý cý ddc; c; dd cý 
CZ M %Z 0 
CD le 00 rn 
kn ýc ýo r- r- 00 00 00 C2N C, 
NNm r4 C, 4 
CD 0 cý c: i ci 
.p 
00 %0 C> %0 m 0% %0 r-% - (> " 
C, 4 m ýe " tA V) ýo r- 00 00 (> 
rn en fl) MMMM fn elý rlb MMMM 
0o CD Q Cý c: ý C! (: ý 1:: ý c: ý c: ý cý =i cý 
00 Ö 0000000000 
V% 4n r- - r- t- r- 0 
00 m 00 Izt cý e %D r4 
oo oo r- r- Zo 3 -, 1 v) 
(ý ddddd cý cý c; cý cý d cý cý cý 0 cý cý 
r- - e4 00 00 - 00 le 00 r-1 Vi CD e 00 (D -00 
(D t Co C, 4 me CD 00 ýo ýC %0 00 c> r- C> r- %0 r- 
rý M 4"& ýo " r- 0 
o 000000000000000 
-: -I --: -0-"! -: -: --: --0 vi 6 vi 6 tA C5 vi 6 10 0P en en 00 
X 00 oa C., , -r ,, <;, - cl Nm en W) It %n W) en en en t1l I-T qt IT Iýr 'IT I-T -01 4 '1 'T 
qu to 
C3 
00 
8 
o . L. 
>Ci) 
rý CL 
co 
Q 
U, 
U 
I u 
to > 
cd > 
cA 
ta 6. 
4 
- 
tn .,;; 
:Z- c> r- ým %0 r- 00 (D m %0 00 e ;ý2.0 vi c, 4 0, gg2; 
tn rq (D 
IA 
0 \o 
oo Co 
<D CD (D CD CD 0 CD 0 (D (0 0 
-1 -: --: -: -: --: -I "'! 1-: -1 -: 
qn <D tn 0 kn 0 eq 00 en a, 5,1 Z-n Zn- W") 
I 
r4 
IýQl 
I", 
r3 
ti 
ý2 
,Z 
.Z 
44 
I ol 
U 
6 
0. 
0.1 
'n + 0. 
CJ 1 
"0 
It It Iýt I-T qIT tn kn tn tn tn tn 4n tn tn tn " tn 1^ "' " "' " 
(D c, C> 4D q> c? 'o c, CD c, c, c) CD 0 4D C? C? I? R90 
Lý tb Lý Lý ww ch Lh Lh Lý Lý Lh Lh Lh 
aj ww uj uj w aj 
CN 00 C> en 00 %0 CIA Co 00 r- wl kn 1ý0 - ;; ý:! r- t- :rr, 4 Q 
C-4 00 en 00 00 00 Oo 00 00 t- t- rr tý %6 k6 N6 
le kn V% %0 ým %10 %0 %Z ý. 0 110 1. D %0 ým %0 %C %ýo %0 %10 v %0 
r- CD 99 c> Q C) CD 9 c) c> 00 (D 999999 - "> "> = Lý ww ýh e r- kn 00 00 (7, r- m r- ýo t, 4 - ON 0% C'l r- - (> vý V'& 00 :9 00 Z: m 
C> V'b - CD r- 00 (D r- ýo %0 r4 00 cli C> " ýt r- %0 r14 
rq C> CD <D e ýD r- e r- r- c:, In M %0 M V) VI M rý 
(D C) c> C) c> vi 00 - %n v% e 00 -- r- -e CD m r- r4 CD m 
C> 0 (D d cý (1 cý -i .i 11: oý 119 119 119 ei C-: rý -: ýt rý e (: ý 1: ý 
ci cý c:; r- m 4-1 -e M ri mmmmm Vlb (4 mmm 
C'4 as r- r- as tn kn tn W-1 W-1 tn W-3 tm in tel tn kn tn in #4-1 W-1 W) 4n 
qn CP% t- C) C? I? ID C, C? 1? 9 C? I? C? 9999991? 
ell as W) W') rl ;ý W) "* Wl 00 gel C)N 00 eq 00 en 00 C'j rn kn m rý- cr, C) C> CD (=) C, 4 <D ýr a% 0 00 C4 'T eq (14 4D en 00 
4: ) 00 -, t W'i r- en ON en C> 00 C7, rý 'IT Q 47, W's 
q (: )ý Ili r, ý Vi ri -i Qý Iq It -i t--: rý N rý Vi ei 
Q a, ch as as (r, cr% 00 00 00 00 r- t- ýo %D *. D 
%A rý r-: ti r, ý rý: M- %0 re V'ý VI M el ei el r! ei ei %A V) rl rl rl 
09 g r- rl m em f'; vi -! r-Z (-: rý ri r- f4 r- r4 r- (4 ri ri r- rq r- %0 00 00 r- r- rm CYN :;; V) CD 00 m (> e (D KA 9 r- r14 r- m 00 M r- r- tA 
A 
r- fn WI 0 %0 r- fl) (D ::; :; 
f4 r, 4 - CM le V-b CD Rr 
rn (4, b M) cm 
t..: t..: t. ý r-ý tý eq 00 00 tý 00 00 00 00 00 00 00 00 r- 00 co 00 00 
tn 00 00 00 r_: in 0ý I: 'o cl, c .4 04 114 (3ý 4 0ý 9 Cý .4 c7A 00 'T ;s 2s. r- N 00 en kn - C4 z 
A, -. 4. 
lwýl 
twnl r- r- 00 00 cq r4 W) 
sw tn 
en en cf) en rn en en en en en 
Cl) 
lu bo 
-S z Q 
u 
00 
en 
lý 
ýA 
121 
qu 
0 u 
wý kn v% vi V) ýv v) vi kn vý v'. ke% v% vi vý v) v% vb v-, (Z 
IC>9999999999999999<? (?? 
cq C) ;; le vl ;ý 00 3 r14 %0 Z- vl ýlo ýo V'b vi tn p ;3<, Z 
09 Ic! . cý vý . 1:: ý . cý Cý . 09 119 v% vi v, & eemmmmC, 4 r4 rl rl rl r4 rq N ri C-4 d 
%lo 110 110 a00 C> Q00 4D Q ýD C) 
00 
00 
- a, as Cý 
;s 
> 00 C) ýo 
12 
c2 
týO a2 
1-W 
c cd W 
E 
M. 
V) V) vi kei 4A %A vl #A vl vl vi Vlb KA V) W> wý kn v-, v-) v-) 
CD (D = C) 00 CD (D 9999999 
w Lý ch Lý th di Lý Lý Lý Lý Lý Lý th wwwwwww n 00 c-, r- 0 0' e-4 0 -e 0 0 "' ,' 
"t (D 10 00 00 ;Z- vi c> vi 
(=) c, % Vb zr oo - CD rA C) r4 " #A CM c> m r- " CD I: r- 0" - "lb r, (> gý GZ 00 
.9 ri C: 
ý (: ý ci .. r-: . r-: rý ji 4R Cý rlý Ci 9 (71 %0 Arb w-. v% e rm mm r4 " rq (4 ri r4 
cn c! c! el U-1 tn in mm en en en en en en rn en en el C-1 
C, 4 r- " r- r, ý r-: C-i t-: r4 rz (-i t-Z C-i rz (-4 r- C4 
W-3 (: ) 4q 41 as r. eq 00 fn as IT CD W) G 10 C14 r- en 
(-4 C-4 en -tr 'er ct C) tA ýo %0 r- r- 00 ON ON CD ;;; ;; 
N 
ýr tn r- W11 'IT qT IT IT IRT IT 'IT IT tn 4n kn 
Itt 
0ý oq aq 00 in r- 00 00 00 00 00 00 00 00 00 a! al C19 ol 00 
(7,4 (7, -4 ": 'IT 1"'* (71 'Ir ON G 2ý Itr cr, It (ON IT 401, 
a 0ý ýo C4 r- m :r r- I-T Cý kn C) r- C-4 00 en Oý, -tr 4n 
C-4 en m 't r- qT wl tn \0 t- t- cc 00 c7s <71, C) C) C4 'IT 't 'T 'T 'T ql ql IT vi W's V) IT 
E 
42 
- 
t3 
EZ 
cl 
%0 
CD 
rh CD 
. iz 
0 fi 
0 
Ici 
.0 
CD 
th CD 
r1: 
CN 
. t: 
iz 
0 
ri 
10 
e 
. r, 
Ici 
12 
00 8 
C4 
I 
9z 
x 
rz 
114 
Z' 
4 
0 
. a- 
Gn + 
22b 22 cm 
ýo 
g2. m 
I- 
2 
C14 en I", 'IT 't IýT "It 1-t I-t I-t ýt ýr I-t It It 't It ýT 'IT q", in V*j 
CC(: ) CCC4: )CýOCC CQQO OOQQc)c)o 
Lh Lh Lý Lh ýh Lh Lý Lý 
aj 
Lh Lh Lh 
aý aý 
Lh ýý lb Lh Lý Lý Lý Lý 
'T en CA %-0 It C ;; r- I* C ýD en C. I'D Itr - 00 %-0 en C ýo 0 
I! t 0ý tý (:; q w! CIVIC! " cli('i-: -ý -ý Rq qqt,, ý tT ('j V) en C'4 ---------------a, 
Rn tn ýo co tn tn VII tn kn V) tn wl tn V') tn V'j In tn tn tn wl, kn 
tn w I'D C> 
c a, mZRR9R99 
r- %0 r- IT en 00 en 3 00 " ;z" IRT %0 00 IC "= %0 ;z r- 
zr W) c> - ri C> 'IT a, ON r- cn. r- en ýý 00 - 00 r- 
r- en 4:, C> "T wl 00 - en - 00 10 %%D %lo 00 1-11 I'll ,: r 00 00 ýo 00 t- 10 00 a C4 (D 
Cý RR-: Oý 09 Cý Cý Cý (3ý cli q 
c; C5 a, ýo en -, T 'IT 't Itt 'IT qT C4 C14 C14 C14 N C4 en 
%D e 00 00 -M 00 r, %0 en %0 V'b ON r- 00 e r- ýI, %0 '. o o m 
g 00 1-t aý 421 e rn r- V'& 00 r- %0 cý rý CD ýo gý C., b (D 00 r- %Z kn v'& v) ýo 00 C) (n qlt qlt 
rn fl) 00 00 %0 - V) 00 rq 10 (0 «e 00 M 
0 01,0 - 1,0 r- ýo vl VI e 't M r4 M Wim "m r4 ;5-------------0-- 
%. 0 (D 0 C) (D C: ) (Z) C> C> C> CD (Z <D (D C> CD CD CD C) CD 
CD (D CD C> C> C> C: ) C: ) (D 0 (D 0 <Z CD V CD C) C) V CD C) C> 
CD c: h C> C) CD CD C> C> C> C> CD (D CD CD (D CD Q0 CD QQ CD 
00 40 000 CD QQ0Q00 (D QQ00 4= = C) C> 
tn w! CD c) C> CD CD in in W-1 W-1 tn V) W) W) tn tri wl wl tn tn tn W) 
t- r- C) C) C> C> C> C4 r- C4 t-- " fl- C4 r- " t- " r- N rý eq r% wl co) t- -:: W') Cs -- Cl C, 4 en en 11-T R: r tn tn %0 %0 r- r- OC 00 
,--N C14 "N r1l N C14 NN r1l C14 r1l r4 NN r14 
ý 
c> CD c> CD C> 4ý W-1 c) W-) CD 4, n c) %n C) tn 0 V) 0 tn 0 W-) 0 
kn (71 en r- ell N en en IT NT W) W) 1.0 %lo r- r- 00 00 Cý 
N""N""NNNNNN cl N (14 
%b to 
t3 
00 
0 
0 
2. 
tin 
I M 
iz 
U 
l% la l' cn + 92.9 
: äg tm 
10 
1 
"CJ 
, ci 
Ici 
W) VI W) W) wl, tn wl, tn " wl W) tn te) l4r) tn tdo) W) W) tn Wý tn tn W) 11) tn tn tn 
00::? 
99c? 00 CD c) c, c) o c, CD CD CD C) 099c? 9 cý c> 
www ch Lh Lý ýh Lh ýh di Lh Lh Lh ýh Lh Lh ww ;4w Lh ýh en - (0 ON w r- r- w C7, C> N en W) VI W) Q" 0*, M CD 0 CD CD 
CIR llq I: --: (; ý Cý rlý Vi Ci "q Oý "R Cý , I: " Gý IIR V: 111: Nt , I: "Zt 
ol (7ý Oll 00 00 00 00 t- r- r- r- r- r- r- 1.0 10 10 ýo ýo ý. o tn on W) ---- 
V') %n W') W') W') tn tf) te) V'. V', V'ý t^ V'l qn tA VI 4n %0 ko '. 0 %D "o t- CY, Oll cr, Oll CD C) <D CD Q C) <D CD C) CD (D CD C) C) Q CD C) CD (D C) CD Q0Q CD C) 0 
Lý aý Lh Lh Lý a, Lý Lý Ch Lh Uý Ch a4 Lh ýh Lh ýý Lý (7, m 00 W-1 F- in as 00 00 C7, C-4 F- en Fl 00 m 
C14 CD CN 00 (D t- 0 ON r- IC IC 00 Q 111" as ýo tn 
71 ;s 
IT en 
;o 
.1 en 00 
.,,. S eq 
Cp in r- cn ;; 00 t'- <ý eq -It ýo 00 - en Wl en CII en C) r- CD a, W) 00 0 rn kn "T "T zr --t -T W-1 wl vi 00 0ý IT 'T It 't 00 
ý -: . -ý c! Cl! cl N ltý Iýq IX? Iq llý Iq IIR Iq q. 116 Ci IIR Ci 
"R rl: Wi Cli 
C4 C4 C'J N C-4 r4 C-4 C-A --------- r- I-T N (7, tn M C14 - 
00 en " en ti'll in tn W) VII tn tn w) in V") t-1) tn tn tn tn kn tn tn tn 0 (D QQ r- 0 r- 00 0 40 C) <D Co Q (D CD CD Co CD C) Cp C> Cý C) CD Q 
It 10 r- 
en 0, tn co CD CD C'4 'IT qtT ;z ON <71 en t'- 00 eq t- (71 C7, " 0, 'n 00 
tn t'- oo ýo as C14 Tr WI) 00 r- cq ON 1ý0 - C> 
C> C> CD <D en cq tn cq - 00 W) tn a, 00 en C) en ý-o Os C) en C) C> CD 0 C14 W) 00 C14 en co I'D qlT C14 (D (0 00 C14 C> Wlb cr, 1ý0 
QQ Cl oq q: t q rlý 0ý Cý "R Ci q 
I: --: -i Cý llý 1.6 
C; c; c; as as ch 00 00 00 cc 00 tl- t-- t- 00 t- ýo 
WI) tn tn tn tn tn tn tn kn tn W) W') W) te) tn V) W) tn tn tn tn W) in " 4n V. ) 
r- N r- C14 r- (14 r- rq t- (14 r- eq r- C14 r- N r- eq r- rq r- N r- N r- N 
ON CY, C) (= -- Cq " en en "T 1.1" W) tn %. D "o t- t- 00 00 cr, ON 00--N 
NN en en en en en m en en en m en en en m cn en cn M en en I-T mr It "* I'll 
ý 
(Z (Z 0 C) 000 CD 00000 CD C: ) CD C> <D (D CD C> C> 0 (D (= ci CD 
Vl% 0 V) (D Kn CD vi CD kfli 0 V) CD vlý <Z V) CD kn 0 vi CD V) 0 V) 0 V) 0 V) 
C> CD CD - r4 fli M '-t " vl 4A 1.0 ýc r- rý 00 00 (> ON CJ CD -- rq M 
cq m rm rm toi m rn mM ri mm en mmmm rn C-1 mme ýt eeee 
.Z 
CL. 
I 
1ý0 
"tr 
;3 
0 
cLý ý 
> 
cn + 
m 
"0 - ý 1-1 ' -CJ IM 
52 4 
Iti 
P. 
C, ) 
VII W", tf) tn tn W) tn tn w) tn tn tn VI W) W) C) 0 CD C> CD cm CD CD C> CD CD (D Co CD C) 
Lh Lý Lý Ch Ch Lh Eý Lý Lh Lý di Lh Lh Lý Lý 
C) 0 C> 0 C) C) C) C) <D (D (D (D CD CD 0 
I: t 1-t , I: I: t ": t I: lq: I: q: `I: llý ": t I: ": t lq: 
0000QQ00QQQ C) Q CD CD 
CD C) <D (Z <Z CD C> (D CD CD (D (D (D cz C) 
V) tn W) tn tn wl tn tn wl W*l ttl tn tn tn %n r- cl tl- (N t- C4 t- el r- C14 tý N r- N r% 
ell en en Iýt It tn W) %0 %0 r- r- 00 00 C7, cr, 
I-T qtT Iýr ýt IT v mt IRT 11,14, NT qT qT 'IT qtr 
0 coo 0000 CDCDC)C)o CDC)C) 
CD WIjC>tncD W110 W) otno Vic W)OW) 
en en ItT WI) V) 10 ýo r- r- 00 00 aý ON C> ý= IT qtr qtT :4 -1- qT --T -: r --tr -T -tr qýr qq. "t In tn 
Q, 4 . Qý " 
1 
cl 
31 
.2 
1-1 
:x 11 
r4 
ýo 
0 
rn w! 
11 .IC? u 
az Q 
0 "o 0 
.m= C14 C75 =3 Q 
'0 .;, - 
u 
tT 
Cý 
0 
4.4 
0 
0 
> 
o 
cli 
0 
r- 
Well Test Analysis in Volatile Oil Reservoirs 
APPENDIX E 
E-1 Conversion of Beta (P)from cnf 1 to Forchheimer unit 
0.005 cm-1 unit 
k*'O"S" 
Estimating pin Forchheimer unit 
ß[F(I . 
01325E6cm-' ] 
', ' 
0.005 
F 
O"[K(mD cm 
2 
0.5 
3.141533065E -6 mD 
)] 
ß[F(cm-1 
0.005 
F 
1.01325E6x3.141533065E-6x0'-' K mD 
cm 2 
]0,5 1( 
mD 
ß[F(Cln-l 
)] 
- 
()*()05 
F 
3.183158378 x o"[K(mD 
c7n2 )]"*' 
mD 
, 6[F( F-I 
cm 
Therefore, 
fl = 
1.570766957E -3 
05-5[K(mD 
CM2 
)]0'5 
mD 
1.570766957E -3 
0'-'Ko-' 
Forchheimer unit (Field unit) 
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Appendix F 
F- I Formation petrophysical log properties- Well-3 
oil 
7-7 
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F-2 RFTfrom Well-3 
PreSSLre (psia) 
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F-3 Composition of Well-3 
Component Flashed Liquid 
Mole % Weight % 
Flashed Gas 
Mole % 
Reservoir Fluid 
I Mole % Weight % 
Hydrogen 0.00 0.00 0.00 0.00 0.00 
Hydrogen sulphide 0.00 0.00 0.00 0.00 0.00 
Carbon dioxide 0.00 0.00 0.97 0.85 0.77 
Nitrogen 0.00 0.00 0.46 0.40 0.23 
Methane 0.02 0.00 66.19 58.08 19.26 
Ethane 0.11 0.02 14.17 12.45 7.75 
Propane 0.36 0.08 7.19 6.35 5.80 
i-Butane 0.15 0.04 1.09 0.98 1.18 
n-Butane 0.70 0.20 3.04 2.75 3.32 
neo-Pentane 0.00 0.00 0.01 0.01 0.01 
i-Pentane 0.59 0.21 1.08 1.02 1.53 
n-Pentane 1.05 0.38 1.40 1.36 2.03 
Hexanes 3.05 1.31 1.58 1.76 3.14 
Me-Cyclo-pentane 0.68 0.29 0.20 0.26 0.46 
Benzene 0.55 0.22 0.17 0.22 0.36 
Cyclo-hexane 0.93 0.39 0.43 0.49 0.85 
Heptancs 5.05 2.53 0.74 1.25 2.60 
Me-Cyclo-hexane 2.75 1.35 0.35 0.65 1.31 
Toluene 0.94 0.43 0.10 0.21 0.39 
Octanes 7.91 4.51 0.45 1.36 3.22 
Ethyl-benzene 0.46 0.24 0.01 0.07 0.15 
Metalpara-xylene 1.99 1.05 0.05 0.29 0.64 
Ortho-xylene 0.63 0.34 0.01 0.09 0.20 
Nonanes 7.10 4.54 0.19 1.04 2.75 
Tri-Me-benzene 1.24 0.74 0.00 0.15 0.38 
Dccanes 7.83 5.56 0.09 1.03 3.05 
Undecanes 7.04 5.16 0.02 0.88 2.69 
Dodecanes 5.83 4.69 0.01 0.72 2.41 
Tridecanes 5.16 4.51 0.00 0.64 2.31 
Tetradecancs 4.19 3.97 0.00 0.51 2.02 
Pentadecanes 3.85 3.96 0.00 0.47 2.02 
Hexadecanes 3.20 3.54 0.00 0.39 1.81 
Heptadecanes 2.67 3.16 0.00 0.33 1.61 
Octadecanes 2.43 3.04 0.00 0.30 1.55 
Nonadecanes 2.17 2.94 0.00 0.27 1.45 
Eicosanes 1.83 2.51 0.00 0.22 1.28 
Heneicosancs 1.63 2.37 0.00 0.20 1.21 
Docosanes 1.45 2.21 0.00 0.18 1.13 
Tricosanes 1.26 2.00 0.00 0.15 1.02 
Tetracosanes 1.12 1.85 0.00 0.14 0.94 
Pentacosanes 1.07 1.85 0.00 0.13 0.94 
Hexacosanes 0.87 1.55 0.00 0.11 0.79 
Ileptacosanes 0.81 1.51 0.00 0.10 0.77 
Octacosanes 0.75 1.45 0.00 0.09 0.74 
Nonacosancs 0.67 1.34 0.00 0.08 0.68 
Triacontanes 0.61 1.26 0.00 0.07 0.64 
Hentriacontanes 0.55 1.18 0.00 0.07 0.60 
Dotriacontanes 0.48 1.07 0.00 0.06 0.55 
Tritriacontanes 0.46 1.04 0.00 0.06 0.53 
Tetratriacontanes 0.41 0.96 0.00 0.05 0.49 
Pentatriacontanes 0.37 0.89 0.00 0.04 0.45 
Hexatriacontanes plus 5.0 15.66 0.00 0.62 7.99 
Totals 100.00 100.00 100.00 100.00 100.00 
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F-4 Hydrocarbon Analysis of Bottomhole Sample 1-12 to C36+. - Well-3 
Flashed Reservoir 
Calculated Properties Liquid Flashed Gas Fluid 
C7 plus 
Mole % 93.97 2.82 13.99 
Molecular Weight (g mol-1) 209 100 190 
Density at 60'F (g cm-3) 0.8332 0.7483 0.8235 
CI I plus 
Mole % 55.91 0.03 6.88 
Molecular Weight (g mol-1) 271 153 271 
Density at 60'F (g cm-3) 0.8655 0.7940 0.8653 
C20 plus 
Mole % 19.37 2.37 
Molecular Weight (g mol-1) 422 422 
Density at 60T (g cm-3) 0.9058 0.9058 
C36 plus 
Mole % 5.03 0.62 
Molecular Weight (g mol-1) 625 625 
Density at 60OF (g cm-3) 
1 
0.9375 
1 1 
0.9375 
Calculated whole sample properties 
-T- Average mole weight (g mol-1) 201 27.0 48.3 
Real relative density 0.938 
(Air = 1.000 at 14.73 psia and 60*F) 
NB: 0.00 means less than 0.005. 
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F-5 Match of Tuning Experimentfor Fluid Samplefrom Well-3 
CCE for Relative Volume Fluid W3 
:1 
CCE Liquid Density: Fluid W3 
CVD for Liquid Density factor: Fluid W3) 
Moshood Sanni 
CCE for Liquid viscosity: Fluid W3 
Phl) 2008 
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CVD for Vapour Z factor: Fluid W3 
Well Test Analysis in Volatile Oil Reservoirs 
F-6 Input Parameterfor Velocity-Dependent Relative Permeability Model: Welf-3 
Paramete 
r 
Description 
Value for North 
Values for 
Sea Gas 
Simulation 
Condensate 
mg Controls the variability of the critical 23 23.89 
gas saturation with the normalised 
capillary number 
mo Controls the variability of the critical 60 79.62 
oil saturation with the normalised 
capillary number 
nig Controls the weighting between the 5 6.23 
miscible and immiscible relative 
permeability curves (along with n2. 
parameter) 
n2g Controls the weighting between the 00 
miscible and immiscible relative 
permeability curves (along with nj, 
parameter) 
ni. Controls the weighting between the 20 24.2 
miscible and immiscible relative 
permeability curves (along with n2o 
parameter) 
n2o controls the weighting between the 00 
miscible and immiscible relative 
permeability curves (along with rij, 
parameter) 
N, b. Base capillary number for oil. This is 1.013-06 LOE-06 
the threshold value of the capillary 
number above which the VDRP 
effect is thought to be active. 
Ncbg. 
n Base capillary number for gas. This 1.013-06 LOE-06 
is the threshold value of capillary 
number above which the VDRP 
effect is thought to be active 
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